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ABSTRACT

The McArthur River uranium mine in the Athabasca BaSemada, hosts the largest
high-grade uranium deposit in the world, accounting for 12%odad) uranium production in
2015. McArthur River is a Proterozoic unconformity-related wnamndeposit, with ore bodies
located in the P2 fault zone at the contact betweeammephic basement rocks and overlying
conglomerate, and up to 120 m below the unconformity in bageown Oxidized basinal
fluids are considered the most likely medium for transpgdissolved UG to the

unconformity where precipitation &0, occurred in response to the reduction of the fluids.

A comprehensive study was undertaken to unravel the raftthre reductant causing the
precipitation of UO2. Core logging and sample collectionewiellowed by bulk rock
compositional analysis. Optical microscopy, scanning electicroscopy, and electron
microprobe analysis were used to establish the mineral pasigéiere, a new model for the
reduction of uranium at McArthur River is proposed. Thesolagtions indicate that the P2
reverse fault is characterized by the abundant presdraalt-hosted pre-ore pyrite veins. The
formation of these veins resulted in the illitizatioifeddspar in the basement rocks. Oxidizing,
high-salinityNa-Mg-Ca chloride basinal fluids penetrated into the basemlent the P2 fault
and oxidized the pre-ore pyrite veins. Pyrite in the vaias replaced by Bebearing sudoite.
Fe-sudoite altered pyrite shows extreme sulfur isotope fra&tion consistent with oxidation of
pyrite by thiosulfate disproportionation. It is hypothesizhat the reaction of basinal fluids with

pre-ore pyrite was responsible for the reduction otd@ McArthur River.

A comparative study of the nearby Fox Lake unconformetgted uranium deposit was
performed to evaluate the general applicability of the genwidel developed for McArthur
River. The Fox Lake uranium deposit is a complex-type miocmity-related uranium deposit
10 km west of McArthur RiverThis studyis the first comprehensive investigation of the Fox
Lake deposit, and summarizes key findings that constraipatzgenesis and alteration

mineralogy of metamorphic basement rocks and the overdgndstonel he mineralization is



located along the C-10 fault zone at the unconformitywé&eh metamorphic basement rock and
overlying basal conglomerate of the Manitou Falls Foionail he investigations at Fox Lake
included extensive drill core logging and systematic sampiatk compositional analyses were
performed to complement core logging. A paragenesis wadisktd using optical and
scanning electron microscopy, and electron microprobe sinaetrographic and sulfur isotope
investigations show that the large amount of pre-oreggiturring in sandstone above the C-
10 fault wasoxidized by thiosulfate disproportionation and replace&d»gudoite and a second
generation of pyrite. The evidence suggests that the @adatt pre-ore sulfide minerals by
basinal fluids resulted in the precipitation of uraninltBese results are consistent with the
genetic model proposed for McArthur River. In addition #® tifaditional vector of dravite and
sudoite alteration, the presence of pyrite associatddfailted basement rocks should be a

vector for the exploration of unconformity-related utamideposits.
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CHAPTER 1
INTRODUCTION

Unconformity-related uranium deposits constitute the &rgigh-grade uranium
deposits in the world. All known deposits occur in the AtlsgbaBasin in Canada, and the
Kombolgie Basin in Australia, and are Proterozoicga.dJnconformity-related uranium
deposits are located at the unconformity between basinalteaadsd faulted metamorphic
basement rock, and comprise fault controlled basemaedtsandstone-hosted uranium ore
bodies.

Traditional genetic models for unconformity-related uranaeposits are based on the
water solubility of oxidized € and the insolubility of reduced*t Uranium is leached from U-
bearing minerals in basinal sedimentary rocks or from baseracks by oxidizing meteoric
basinal fluids. The uraniferous basinal fluid flows alonguheonformity, which provides
enhanced permeability, and interacts with a reductant, preiigitaraninite (UQ) from
solution and forming an ore body (Hoeve and Sibbald, 1978)natee of the reductant is
unknown (Mercadier et al., 2010; Adlakha and Hattori, 2015), lyifotheses invoking
reducing basement rock (Hoeve and Sibbald, 1978) or basemesmdd@ducing fluids rising

along faults in the basement (Wilson and Kyser, 1987).

Unconformity-related uranium ore bodies in the Athabda&sin are classified as either
simple or complex based on their mineralogy (Fayek arseKy997; Kyser and Cuney, 2009).
Simple ore bodies are generally located greater than&€low the unconformity in the
basement, and consist of relatively pure uraninite, weeremplex ore bodies are sandstone-

hosted and contain sulfide and Co-Ni sulfarsenide mineralddition to uraninite.

Dravite, sudoite, and illite alteration occur in a 20 krdevand 100 km long band in the
eastern Athabasca Basin encompassing several uncayfoataited uranium deposits including

McArthur River and Fox Lake. Dravite, sudoite, and illiteedtion has been used as a vector for



exploration of new deposits, however this alteraticalss present in U barren areas, indicating
that its use as a vector may be of limited value (Kyser amgy; 2009).

The study presented in this thesis is a comparisonméeposits in the eastern
Athabasca Basin, McArthur River and Fox Lake. McArtRarer is the largest high-grade
uranium deposit in the world with proven and probable resesf/&.7 million tons with an
average grade of 9.63 %@k equivalent (Cameco, 2017), and accounted for 12% of global
uranium production in 2015. McArthur River has sandstone asérent-hosted ore bodies
both of the simple type, associated with the P2 revianslt. Fox Lake is located 10 km west of
McArthur River. This deposit has an inferred resource of/Z&btons with an average grade of
7.99% 3Og equivalent (Cameco, 2015). The ore at Fox Lake is ofadhglex type, with the
primary ore bodies located in sandstone immediately ath@vetersection between the
unconformity and the C-10 strike slip fault. Fox Lake als®gwrched uranium lenses greater
than 100 m above the unconformity.

The investigations presented herein comprise logging lb€dre, macroscopic
descriptions of primary and alteration mineralogy, sampiingyill core, bulk rock
compositional analyses, development of a new paragerassd bn optical and scanning
electron microscopy, electron microprobe analysehiofrite, sulfide, and uranium minerals,
and sulfur isotope analysis of sulfide minerals. Compositiama isotopic data in combination
with the paragenesis of alteration minerals led to theldpment of a new genetic model for
McArthur River and Fox Lake, and perhaps generally forralbaformity-related uranium
deposits. The research shows that pre-ore pyrite was edidizd replaced by Fe-sudoite. The
petrographic and sulfur isotope data suggest that the oxidatpre-@ire pyrite by thiosulfate
disproportionation resulted in the reduction of basihad$, facilitating the precipitation of a
reduced mineral assemblage including uraninite. The readtmxicized basinal fluids with
metamorphic basement rocks and pre-ore pyrite accourttsefé@rmation of the alteration
mineralogy and uraninite ore bodies at McArthur River andlEke. In addition to dravite and
sudoite alteration, the presence of pyrite associatiédfaulted basement rocks should be a

vector for the exploration of unconformity-related utemideposits.



This thesis is organized into six chapters. This chapteide®a short introduction to the
thesis topic. Chapter two presents the research iataltération mineralogy and paragenesis at
McArthur River, and introduces the genetic model for oren&tion at this deposit. Chapter
three presents the sulfur isotope investigations omsuthinerals from McArthur River used to
support the genetic model proposed in the previous chapter.eClayt focuses on the Fox
Lake deposit, presenting the research on alteration ahagrand parageneses for the distinct
lithologies encountered there; as well as a comparistredlteration mineralogy, parageneses,
and genetic models for McArthur River and Fox Lake. Chdpte presents the sulfur isotope
investigations on sulfide and sulfarsenide minerals from Fadoe Land are used to support the
general genetic model for Fox Lake and McArthur Riveaggiér six summarizes the
conclusions of the current research on McArthur Raret Fox Lake, emphasizing the potential
applicability of the proposed genetic model to all uncanfty-related uranium deposits, and
proposes refinements to exploration methods for thesesiiepo

The corresponding author for all chapters is John DeDexdkbée Center for Mineral
Resource Science, Department of Geology and Geologigitéaring, Colorado School of
Mines, E-mail address: jdedecke @mymail.mines.€&ausauthors for this thesis are: Thomas
Monecke of the Center for Mineral Resource Science, iDepat of Geology and Geological
Engineering, Colorado School of Mines; and Michael Pribihe U.S. Geological Survey in

Denver, Colorado.

1.1 References

Adlakha, E., and Hattori, K., 2015, Compositional variagod timing of aluminum phosphate-
sulfate minerals in the basement rocks along the PRdadlin association with the McArthur
River uranium deposit, Athabasca Basin, Saskatchewan Cakadaican Mineralogist, v. 100,
p. 1386-1399.

Cameco Corporation, 2015, Mineral reserves and resources
(https://www.cameco.com/annual_report/2015/mda/mineral-reservesesodrces/mineral-
resources/)

Cameco Corporation, 2017, Mineral reserves and resources
(https://lwww.cameco.com/businesses/uranium-operations/canadatmeartin-key-
lake/reserves-and-resources)



Fayek, M., and Kyser, T.K., 1997, Characterization oftiplel fluid flow events and rare-earth-
element mobility associated with formation of unconfityrtype uranium deposits in the
Athabasca Basin, Saskatchewan: Canadian Mineralog3, p. 627-658.

Hoeve, J., and Sibbald, T.l.I., 1978, On the genesis of Riadkét and other unconformity-type
uranium deposits in northern Saskatchewan, Canada: Econoolmg§ev. 73, p. 1450-1473.

Kyser, K., and Cuney, M., 2009, Recent and smtecent developments in uranium deposits and
implications for exploration: Mineralogical AssociatiohCanada Short Course Series, v. 39, p.
161-219.

Mercadier, J., Cuney, M., Cathelineau, M., and Lacdvwde2010, U redox fronts and
kaolinization in basement-hosted unconformity-relatedés$ of the Athabasca Basin (Canada):
late U remobilization by meteoric fluids: Mineralium Deposita46, p. 105-135.

Wilson, M.R., and Kyser, K., 1987, Stable isotope geocheyrus$talteration associated with the

Key Lake uranium deposit, Canada: Economic Geology, v..8540-1557.



CHAPTER 2
ALTERATION ASSOCIATED WITH BASEMENT FAULTS IN UNCONFORMITY -
RELATED URANIUM DEPOSITS: CASE STUDY AT THE
MCARTHUR RIVER MINE, ATHABASCA BASIN

A paper to be submitted #conomic Geology
John DeDecker, and Thomas Monecke

Abstract

The McArthur River uranium mine in the Athabasca BaSamada, hosts the
largest high-grade uranium deposit in the world, accountingy®s of global uranium
production in 2015. McArthur River is a Proterozoic unconfoysmelated uranium
deposit, with ore bodies located in the P2 fault zoneeatiticonformity between
conglomerate and metamorphic basement rock, and up to 120wnthelanconformity

in basement rock.

Core logging and sample collection were followed by peaphic analysis and
scanning electron microscopy to establish the paragemekataration styles in altered
basement rocks. Scanning electron microscopy, electimopnobe analysis, and X-ray
diffraction investigations revealed the presence ofidétahedral sudoite in

metamorphic basement samples from the P2 fault zaretlme unconformity.

Here, a new model for the reduction of uranium at McArRiver is proposed.

The observations indicate that the P2 reverse ifaaharacterized by the abundant
presence of fault-hosted pre-ore pyrite veins. The fobomaf these veins resulted in the
illitization of feldspar in the basement rocks. OxidizingyHisalinityNa-Mg-Ca chloride
basinal fluids, forming abundant secondary fluid inclusipesetrated into the basement
along the P2 fault and oxidized the pre-ore pyrite veissiltieg in the reduction of the
fluids. Pyrite veins and illite were replaced by *keearing sudoite and fluorapatite.
Barite and aluminum-phosphate-sulfate (APS) mineratsrpurated a portion of the

SQOs? generated during pyrite oxidation. It is hypothesized theateduction of the



basinal brine by the pre-ore pyrite was responsible f@retuction of UZ* and the
formation of the world-class McArthur River unconforyarelated deposit.

Introduction

The McArthur River uranium mine in the Athabasca BaSamada, hosts the
largest high-grade uranium deposit in the world. McArthur Riz@an unconformity-
related uranium deposit, with ore bodies located in the l}2zane at the unconformity
between conglomerate and metamorphic basement rock, aod.2p m below the
unconformity in basement rock. McArthur River has proaed probable reserves of 1.7
million tons with an average grade of 9.63 % elequivalent (Cameco, 2017).

Genetic models for unconformity-related uranium deposé$ased on the water
solubility of the oxidized uranyl ion (U$*) and insolubility of reduced UQUranium
is leached from U-bearing minerals in basinal sedimemtariys or from basement rocks
by oxidizing meteoric basinal fluids. The uraniferous watex$l through rocks at the
unconformity and interacts with a reductant, precipitatiraninite (UQ) from solution
and forming an ore body (Hoeve and Sibbald, 1978). The nattine ofductant is
unknown (Mercadier et al., 2010; Adlakha and Hattori, 2015), lyifotheses invoking
reducing basement rock (Hoeve and Sibbald, 1978) or basememddeducing fluids
(Wilson and Kyser, 1987).

Previous research conducted at McArthur River (Embe2@i4) suggested that
the P2 fault zone is enriched with pyrite relative tmpetent rock outside the fault zone.
As reduced minerals such as pyrite can constrain redahtioors before, during, and
after uranium ore precipitation (Ingham et al., 2014gsaarch project was initiated to
constrain the possible role of pyrite in the formatid the McArthur River deposit. This
study included extensive drill core logging to study pyrite danoe and hydrothermal
alteration within the P2 fault zone along strike frord down dip of the high-grade
uranium ore bodies. In addition to core logging, systensaticpling was performed.
Bulk major and trace element geochemical and XRD analyses performed to
complement core logging. Thin sections were studied by optichscanning electron

microscopy to establish the paragenesis. The present studyasizes key findings



made constraining the paragenesis and alteration mineraialg basement rocks. &h
research shows that the large amount of pyrite occualong the P2 fault formed prior
to mineralization, and was subsequently oxidized and replaced-bydoite. The
petrographic evidence suggests that this reaction with prpyate resulted in t
reduction of basinal fluids, facilitating the precipitatioina reduced mineral assemblage
including uraninite. It is proposed here that this proceshiimately responsible for
deposit formation. Implications to exploration areeByi discussed.

2.1 Geological Background
2.1.1 Athabasca Basin

The Athabasca Basin is located in northern Saskatome@anada (Fig. 2.1). The
basin is Paleoproterozoic in age, with an age of ca. 1880-Ma, coeval with the post-
orogenic uplift of the ca. 1800 Ma Trans-Hudson orogen to thdAasesley et al.,
2005). The 1900 Ma Talston orogen is located to the northwest dithabasca Basin.
The basin is divided into three sub-basins that trendSMEand overie the suture
between the Hearn and Rae tectonic provinces. The highesttgeadem deposits,
including McArthur River, are located at the transiti@veen the Mudjatik and
Wollaston Domains of the Hearne tectonic province (KyserGantey, 2009).

Estimates of basin depth during late diagenesis eadrp alteration have been
obtained by fluid inclusion analysis of euhedral quartasrand overgrowths in
sandstone near the unconformity by Pagel et al. (1980) amhieezt al. (2005). Pagel et
al. (1980) reported a minimum pressure of entrapment of ~70@ba60° C obtained
using the homogenization temperature and the temperatdigsofution of halite for
liquid+vapor+halite fluid inclusions. Derome et al. (2005)§ze¢d homogenization
temperature data and estimates of likely thermal gradierterive a range of entrapment
temperatures and pressures between 190-235°C and 1200-1400 barsnésksami
sedimentary overburden has a density of 2.5 §j/time pressure estimates of Derome et
al. (2005) translate to basin depths of 4-5 km.



Derome et al. (2005) performed investigations on the compuasiaf fluid
inclusions in quartz overgrowths on detrital quartz and eahqdartz veins. They
identified an early NaCl-rich fluid, interpreted as a prynfarmation fluid derived from
evaporite beds; and a later Ca-Mg@th fluid produced by interaction of the NaCl-rich

fluid with basement rock.
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Fig.2.1 Geologic map of the Athabasca Basin with locatidierranes, major structures,
and uranium deposits (after Slimmon and Pana, 2010). MF=MarstisuFermation,
LZ=Lazenby Lake Formation, W=Wolverine Point Formatiob=Locker Lake
Formation, O=Otherside Formation, and FP=Fairpoint &tian.

2.1.2 Sedimentary Host Rocks

The Athabasca Basin is filled with sedimentary rockshefAthabasca Group
(Hiatt and Kyser, 2007). The Manitou Falls Formation comprike lowermost portion
of the Athabasca Group, and is the only formation inAttiabasca Group that occurs at
McArthur River in present times. The Manitou Falls Faiiorais composed of a basal
guartz-pebble to quartz-cobble conglomerate, overlain bymnguartz sandstone with
sparse thin beds of quartz pebbles. The source rocks loftbe Manitou Falls
Formation are believed to be paleo-topographic highs compoged)wfatite-bearing

basement gneiss, represented by basal conglomerate amcksyuccessively more distal



granitoid rocks derived from the east represented by maturiz gaadstone. Formation
of the Athabasca Basin occurred ca. 1750-1680 Ma (Annesléy 20@5).

The basal conglomerate of the Manitou Falls Formasiozariably hematized,
indicating that oxidizing fluids once flowed through the peafvle lowermost part of the
basin fill. Detrital zircon, monazite, and fluorapati® common within quartz grains,
but are rarely found in interstices between quartz gyaimggesting dissolution of these
uranium-bearing minerals by basinal fluids. Dissolutiothete U-bearing minerals by
oxidizing basinal brines is considered the most likely sofarcaranium in
unconformity-related deposits (Fayek and Kyser, 1997; KyseCandy, 2009).

2.1.3 Basement Rocks

The Wollaston Domain is a fold thrust belt fault bouhtethe west by the
Mudjatik Domain (Annesley et al., 2005; Alexandre et al., 2009chktker et al., 2010).
The largest uranium deposits in the Athabasca Basin atthe transition between these
domains. The Wollaston Domain comprises amphibolite tordgnanulite facies pelitic
and almandine-bearing calcsilicate gneisses, anatecticgtitg, and quartzite that
reached peak metamorphism P-T conditions of approximately@@dd 800 MPa ca.
1800-1840 Ma during the Trans-Hudson Orogeny. Unroofing of the basémntzted
ca. 1814 Ma, and reached 500-550°C and 200-250 MPa ca. 1720 Ma (Anhesley e
2005; Mercadier et al., 2010). The pelitic rocks contain wetakggrongly graphitic units
that serve as the primary host for ore-related favtsllaston Domain metasedimentary

rocks are unconformably underlain by Archean granitoid gneiss.

The contact between metamorphic basement rock and thefarmoably
overlying sedimentary rocks of the Manitou Falls Formaisorharacterized by a
strongly hematized, chloritized, and argillized basemezk.radlakha et al. (2014) noted
bleached rocks proximal to the unconformity, as lenstéiManitou Falls Formation,
and up to 120 m below the unconformity near basement-hostéddies. Bleached
rocks have high abundances of dickite and illite replafgttgpar and biotite, and are

associated with an outer zone of hematite, and an aomer of chlorite at the



unconformity and in the basement. MacDonald (1980; 1985) suggéisigesmetic
reducing fluid was responsible for bleaching proximal to th@mfocmity, as bleaching

overprints hematite.

2.1.4 P2 Fault Zone

Uranium ore bodies at McArthur River are hosted by th@a&® The P2 fault is
a 13 km long listric reverse fault with up to 80 m of offsahatunconformity between
the base of the Manitou Falls Formation and metamofsement rocks (Adlakha et
al., 2014). The fault strikes ~050°and is hosted by graphitiapaétic rocks in the
basement. Above the unconformity the P2 fault splaygssaveral faults that become
sub-parallel to bedding. Hydrothermal alteration of basgrand sedimentary rocks is
structurally controlled by the P2 fault, and is charapéeriby Mg-Al chlorite, illite,
magnesiofoitite, and hematite in the basement; andzjukckite, illite, and chlorite in
the Manitou Falls Formation. The association of irkemgdrothermal alteration with the
P2 fault is evidence that the P2 repeatedly served asdait for basinal and
hydrothermal fluids. Metapelites in the P2 fault zonstlelevated pyrite abundances
with respect to rocks outside the P2 fault zone (Empe2igl4). Carbon isotope
investigations of graphite and hydrocarbon buttons (amorphousdaytom nodules) at
the Key Lake uranium deposit by Kyser et al. (1989) showgnofsiant isotopic
fractionation, leading to the contention that graphite didptay a major role is reduction
of uranium, but rather served as a structural controheroication of faults that focused

fluid flow.

2.1.5 Uranium Ore Bodies

Unconformity-related uranium ore bodies in the Athabdd3a&sin are classified as
either simple or complex based on their mineralogy ékand Kyser, 1997; Kyser and
Cuney, 2009). Simple ore bodies consist of relatively puneinitea and are generally
basement-hosted, whereas complex ore bodies comtantant sulfide and Co-Ni
sulfarsenide minerals in addition to uraninite and arergéipesandstone-hosted. At

McArthur River both basement- and sandstone-hostedaaliesare of the simple-type.
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The location of the McArthur River deposit is contedllby the intersection of the
P2 fault in the metamorphic basement rocks with the pingrsub-Athabasca
unconformity. Ore is found in two settings. Nose or wedge oreg&d,3,4, A, and B;
Fig. 2) is replacement uraninite in the Athabasca sandstlong the unconformity at the
tip of the post-Athabasca reactivated P2 reverseviadge. Alteration associated with
the sandstone-hosted ore zones is characterizedibgemnchlorite zone and an outer
illite + chlorite zone with silicification of sandstooeer quartzite ridges in the basement.
Basement ore of zone 2 is massive uraninite in the Pafladlimmediate footwall, as
deep as 120 m below the unconformity. Basement alteratroousding this zone
consists of an outer chlorite zone and inner illite + mtdor dravite + hematite zone
(Kyser and Cuney, 2009).

2.1.6 Paragenesis

Previous workers have developed paragenetic sequencesnomuoeposits in
the Athabasca Group and basement rocks for the AthaBasaa(Kotzer and Kyser,
1995; Fayek and Kyser, 1997; Alexandre et al., 2009; Kyser and C20@9, Ng et al.,
2013), and for McArthur River specifically (Derome et al., 20@8eration events
common to previous parageneses include: 1) late diagenetiz quargrowths with
hematite on detrital quartz clasts; 2) pre-ore hydrotheaitexiition dominated by
illitization of feldspar beginning ca. 1670 Ma; 3) primary uraeiire formation ca.
1588 + 15 Ma, accompanied by sulfide and Co-Ni sulfarsenide rsnaral 4) post-ore
alteration events typified by carbonate and sulfide misgeald low-temperature

remobilization and subsequent precipitation of uraninite.

Fayek and Kyser (1997) recognized three stages of uraninitpitageon in the
Athabasca Basin. Stage-one is characterized by euhgdrahite with high reflectivity,
association with Ni-Cu arsenide minerals, PbO conteri8 @f7-25.32 wt%, <3 wt%
SiO; and CaO, and < 1.5 wt% FeO. Stage-two consists of massivaiteawith a lower
reflectivity than stage one uraninite. It is associateatl Wi-Cu arsenide and Ni-Co
sulfarsenide minerals; and contains 6.45-11.98 wt% PbO, %3Sk and CaO, and ~1

wt% FeO. Stage-three uraninite is massive and fills fractbessa high reflectivity, is
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associated with Cu-Fe sulfide minerals, and contains ®.5% wt% PbO and variable
concentrations of SiDCa0, and FeO. U-Pb ages in uraninite @Ad/*°Ar ages of clay
minerals related to hydrothermal alteration correspond toaidas field tectonic events;
suggesting that fluid flow and mobilization of uranium in thibabasca Basin may have
been linked to far field stresses (Alexandre et al., 2009; Kys#iCuney, 2009, Li et al.,
2017).

2.2 Materials and Methods

2.2.1 Fieldwork

Fieldwork performed at McArthur River between June 13 and3Ju?915
focused on drill core logging and the collection of repregése samples for laboratory
research. Drill holes were selected for core logging antpéing to ensure coverage of
the P2 fault along strike and dip, high-grade ore bodiesiaardum anomalies within the
P2 fault zone, altered rock surrounding ore bodies, uedltesement rock, and
uranium-barren zones along the P2 fault (Fig).Drill holes MC-408, MC-411, MC-
411-1, and MC-430 were logged over an interval £ 24 m from ttiélenof the P2 fault
zone. Drill holes MC-410-1, MC-410-2, and MC-415 were logged fimgrunconformity

to the bottom of the hole.

Core logging consisted of identifying major minerals, deswgilbock type and
fabric, noting alteration styles and relative intensingasuring depths of fault zones, and
estimating pyrite abundance. Pyrite abundances werdlyisgimated using ~5 cm
intervals and an abundance scale (0%, trace, 1-5%, 54M%}%, 15-20%, and >20%

pyrite).

Representative samples of unaltered basement rockeamatite, chlorite, dravite,
and clay altered basement rock were collected. Emphasipla@ed on selecting fresh,
altered, and pyrite-bearing samples for petrographic, XRDtrand element
investigations. Select samples of basement- and sandstster] uraninite were
collected as well. All samples were labelled using the drié dentification and depth

interval of the sample.
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Fig. 2.2 Geologic map of the McArthur River uranium deposinghg general basement
rock types, faults, mineralized zones, and the locatialrill holes logged and sampled.
The P2 fault dips to the southeast and is hosted in giapduks. Cross sections are
viewed from the southwest looking towards the northeastPPHault zone hosts
hydrothermal alteration, pyrite enrichment, and uranivenbmdies. Cross sections
prepared using data provided by Cameco.
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2.2.2 Bulk Compositional Analysis
Cameco provided existing geochemical analyses to suppleme datewrFifty-
eight major and trace elements were analyzed. SRC Qgbeeald_aboratories

performed the bulk compositional analyses.

Major and trace element concentrations in basear@htandstone samples were
determined by inductively coupled plasma-mass spectrom€@r:MS). Partial
digestion of an aliquot of pulped sample in an ultra-pureurexof nitric and
hydrochloric acids in a hot water bath, followed by dilutiodeionized water, was used
for the analysis of As, Ge, Hg, Sb, Se, and Te. Totaktl@eof an aliquot of pulped
sample in a concentrated mixture of ultra-pure hydroiiumitric, and perchloric acids

was used for ICP-MS on the remainder of the elementgzath

Carbon and sulfur concentrations were determined by gstinly an aliquot of
pulped sample in a LECO induction furnace with an oxygen supply percentage of
carbon and sulfur were determined from the instrumerttraaibn. Inorganic carbon
content was determined by combustion of an aliquot of pulpexle in a LECO
induction furnace with an argon supply. Organic carbon comias determined by

subtracting the inorganic carbon content form the t@iddan content.

Boron concentrations were determined by fusing an aliquotlped sample in a
mixture of NaQ and NaC@, dissolving the fused melt in deionized water, and analyzing

the sample solution by ICP-OES.

2.2.3 Optical Petrography and Scanning Electron Microscopy

Sixty-five polished thin sections of core samples werparesl for petrographic
and microanalytical analysis. The samples examined repreisg-grade ore, sandstone
proximal to the ore bodies, and basement rocks within andusuting the P2 fault zone.
Reflected and transmitted light petrography was used to idemtifydescribe sulfide

mineral morphologies, identify optically discernible zooatin sulfide minerals, select
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regions of interest for further microanalytical stugdeesd to establish the mineral

paragenesis.

Back-scattered electron imaging and energy dispersikagy>spectroscopy
(EDXS) were performed on a Tescan MIRA3 field emissmansing electron
microscope with a Bruker XFlash 6130 energy dispersive X-ragtspmeter. BSE
imaging and X-ray spectroscopy were performed with an aetelg voltage of 15 kV, a

beam diameter of 5.0 nm, and a working distance of 10.0 mm.

BSE imaging was used to identify compositional variatiomwéen different
types of sulfide and uranium minerals, and compositionatzon within pyrite grains
and veins. These data were used to refine optically determinggiepatic relationships,
and to select samples for electron microprobe analysieral abbreviations used in
petrography figures and the paragenesis are from Whitnelg\ants (2010).

2.2.4 Cathodoluminescence Investigations
Optical cathodoluminescence (CL) imaging was performecdmpkes containing
hydrothermal fluorapatite, hydrothermal quartz, and K-feldgpaentify CL-active

compositional zonation in quartz and fluorapatite, ardisfelr alteration.

A HC5-LM hot cathode CL microscope by Lumic Special Mgopes,
Germany, was used, permitting examination of thin sections efeltron bombardment
in a modified Olympus BXFM-S optical microscope. The nscape was operated at an
accelerating voltage of 14 kV with a current density of ~10mm? (Neuser, 1995). CL
images were captured using a high sensitivity, double-staterReloled Kappa DX40C

CCD camera, acquisition times ranged from 8 to 10 seconds.

2.2.5 Electron Microprobe Analysis
Quantitative chlorite compositions were acquired witXA-8230 Electron
Probe Microanalyzer, using a 2 um spot size, 15 kV accilgrabltage, and a beam

current of 10 nA. Spots were chosen to avoid cracks, porasitycompositional
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heterogeneities ~2 times the size of the interactdimme. Compositions were acquired
for chlorites associated with pre- to syn-ore alteratiobX-ray lines were measured for
Si, Al, Mg, Fe, K, Ti, V, Cr, Mn, Zn, F, and Cl. The lfmhing Astimex Minerals
standards were used: Albite (Si), labradorite (Al), diopdidig)( almandine NY (Fe),
orthoclase (K), rutile (Ti), chromite (Cr), rhodamigMn), sphalerite (Zn), topaz (F), and
tugtupite (Cl). An Astimex metals standard was used for Vrikebrrections were
calculated using the CalcZAF software.

Quantitative sulfide and sulfarsenide mineral compositioms aequired with a
JEOL 8900 electron probe microanalyzer, using a 1 pm spoi26ize/ accelerating
voltage, and a beam current of 20 nAUK-ray lines were measured for Fe, Cu, Ni, Co,
and S. LUlines were measured for As and Mo. The following USGS Denvermolieam
Laboratory standards were used: Fe STD_NUM_426, Cu STD_NUM_429, Ni
STD_NUM_428, Co STD_NUM 427, S STD_NUM_417, As STD_NUM_434, and Mo
STD_NUM_443. Spot locations were chosen to acquire represeraatilyses from the
cores to edges of fault-hosted pyrite veins, euhedrakpynéarcasite, chalcopyrite, and

cobaltite-gersdorffite. Matrix corrections were caltethusing the CalcZAF software.

Uraninite analyses were acquired with the same instrumentanditions as
sulfide and sulfarsenide minerals except the beam cumaE60 nA. KUlines were
measured for Si, Ti, Al, V, Cr, Sc, Fe, Co, Ca, P, and Glines were measured for Zr,
Hf, Y, Sm, Er, and Ba. NUlines were measured for U, Pb, Th, and W.

2.3 Results
2.3.1 Core Logging and Whole-Rock Geochemical Composition

Graphic core logs were compiled for every hole examinedrahate rock type,
mineralogy, alteration style and relative intensigfative intensity of bleaching, and
pyrite abundance. Representative logs of drill core cammgyhigh-grade unconformity-
hosted uranium from MC-410-1, a basement-hosted uranium &§ntt@a410-2, and
samples from MC-415 located deeper in the basement aloRtfailt than the other

drill cores are provided in Figure 2.3. Bulk compositional datairanium, carbon,

17



sulfur, total rare-earth elements, copper, molybdenum ltcolizkel, boron, and barium
are provided in Tables 2.1-2.3 and plotted as a function of degtreccore logs.

The P2 fault zone is associated with graphitic intenvaesetamorphic basement
rocks, and hosts the highest abundance of sulfide mir@raighe intervals logged.
Pyrite vein abundances in every drill hole logged in@dasm trace amounts in
competent basement rock to over 20% in strongly grapmtideecciated rocks within
the P2 fault zone (Fig 2.3). Smaller spikes in pyriteralance in rocks below the P2 fault
are associated with bleached rocks and elevated U cortaargré&ulfur concentration
data supports visually estimated pyrite abundances, apdsitevely correlated with
uranium, transition metal, and barium enrichments. &\ carbon concentrations are
associated with the graphitic zones in basement rockdsathe P2 fault, and are offset

into the hanging wall relative to uranium enrichmenthesandstone fault nose.

Barium, cobalt, nickel, copper, molybdenum, and the ear¢h elements
generally have a positive correlation with U concerdreti In MC-410-1 uranium
concentrations are elevated at the unconformity, im#ésal conglomerate fault wedge in
the immediate footwall of the P2 fault, and in a bleactwe® below the P2 fault. In
MC-410-1, MC-410-2 and MC-415 uranium concentrations are elevatbd P2 fault

zone, and in a bleached zone below the P2 fault.

Table 2.1 Bulk compositional data in ppm for selected aisnieom MC-410-1

Sample U C S B REE Ba Co Ni Cu Mo
depth (tot)
545 7.36 12 683 33 0.1 05 08 0.17

556.3 11.7 0.06 100 39 2135 51 0.26 1.6 24 0.34
562.2 279 0.0/ 1200 15 6544 30 411 171 239 131
5629 61.7 0.03 50 52 3318 24 418 149 58 0.72
5721 7.81 0.005 50 53 3249 31 187 719 3.1 0.36
581.1 5.6 50 50 55 235.2 106 31.3 63.8 1 0.2
5819 799 2300 100 28 214.7 118 26.4 38.2 3 0.34
590.2 538 4000 100 89 2564 97 16.2 60.2 15 0.34
596.7 6.8 23300 13700 142 267.2 36 30.8 884 41 9.38
599.2 6.7 18200 21100 97 273.8 54 565 162 364 8.64
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Table 2.1 continued

602.7
605.2
605.7
606.1
606.4
606.7
607.0
607.4
607.9
608.3
608.8
609.3
609.7
610.1
610.4
610.7
611.0
611.2
611.3
611.6
611.9
612.2
612.5
612.9
613.3
613.7
614.0
614.3
614.7
615.2
615.7
616.0
616.3
616.6
617.0
617.4
617.7
618.1
618.6
619.0
625.0
630
640
651.8
652.3

40.9
98
449
17100
1020
24
3560
186
28
5
26
21
136
2630
26
775
671000
715000
673000
615000
6760
330000
3870
718
1000
1840
9820
2990
1540
298
2780
3050
176
5020
1220
1220
3910
355
892
648
9.76
4.8
1.87
125
443

17900 62600 5670

600

200

600

1700

600

262
91
171
248
268
104
1390
831
1520
2940
909
1610
887
594
624
163
179
195
185
40
147
42
279
980
1360
787
284
318
145
514
131
189
371
187
234
351
489
105
320
947
1020
315
812
812

211.2
139.1
125.7
427.1
139.8
124.0
318.0
184.0
118.5
193.6
141.4
74.0
129.4
170.7
68.3
133.8
2071.9
1989.6
1959.7
1814.2
67.8
1003.2
77.9
84.1
97.0
185.0
331.0
196.8
92.5
128.3
171.6
71.5
67.0
129.7
58.7
51.8
150.8
73.1
57.4
69.4
55.1
135.8
226.3
147.7
141.7
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32
26
30
72
37
24
32
32
24
33
27
20
32
31
15
31
76
74
144
197
53
155
24
26
32
49
106
56
30
16
63
24
15
59
18
24
76
22
19
18
16
30
36
22
34

465

269
190

2.34

1.76
1.04
0.85

13

503 19300 87.1

48
962
1080
87
55
189
1780
65
29
36
25
61
73
14
560
205
151
147
144
52
210
78
36
36
26
49
30
21
20
15
12
6.2
21
9
9
20
20
71
43
9.1
5.8
3
20
55

45
6
22

OONFPPFRPFRPWOWWED

38.6

O ARADNWWO

2.6
0.5
0.2

11
91
68
15
1
128
19
2
1
1
1
16
93
27
269
479
526
840
1050
425
1930
538
216
161
216
127
101
53
17
218
19
11.7



Table 2.1 continued

652.8
653.1
653.4
653.6
654
654.3
654.6
654.9
655.3
655.9
656.2
656.5
657
657.5
661.4
668.1
677.1
686.0

5750
5790
99200
22400
20700
28100
11900
6800
11800
6330
2740
831
55
7.09
2.67
2.03
2.22
3.13

200

100 11300
300 5800
700 100
600 100
1400 200

7700

761
661
572
456
695
693
596
740
884
1300
365
2680
1360
373
356
145
115
36

299.6
217.4
1720.4
361.5
340.2
518.2
315.5
226.4
311.4
256.1
107.6
229.6
121.6
191.4
117.0
275.9
304.8
163.7

87
87
724
419
543
585
160
179
230
134
53
45
21
18
15
29
31
29

57
14
24
23
31
29
15
14
45
11
5
10
2
1.72
2.11
9.88
14.1
8.03

54
30
42
37
44
31
17
16
41
27
13
10
4
9.5
27.2
65.7
85.6
39.6

=
a1

RPOFRONDN O - N
R T e (%) © ©
© U1 O N - o B g =

787
1250
1670
1120

226

69

593

137
1120

320

51

415

10

1.55
0.65
0.88
0.79
1.39

Table 2.2 Bulk compositional data in ppm for selected atesnieom MC-410-2

Sample U C S B REE Ba Co Ni Cu Mo
depth (tot)

548.1 4.06 - - 257 99.24 44 129 105 55 0.2
548.3 4.01 - - 176 40.04 32 26.1 246 03 0.2
566.1 2.36 7200 50 124 186.31 38 158 29 1.1 0.11
575.1 1.99 - - 97 5135 42 251 632 6.7 0.52
584.1 2.99 56100 50 36 69.22 60 159 426 2.7 0.43
592.9 6.96 23100 50 62 8348 16 231 433 24 0.2
602.1 4.81 1000 1100 58 186.49 1720 18.2 455 64.7 2.19
611.1 4.32 6100 50 96 204.36 58 13.3 46.1 19.1 0.66
620.1 4.44 1800 800 69 226.96 489 134 578 2.7 161
629.1 3.77 2500 900 104 1923 52 118 449 13 0.61
637.9 7.05 13500 15300 125 2456 40 29.2 834 132 6.32
647.1 4.04 100 51 39 290.0 681 323 653 6.2 0.75
656.1 15.2 55000 65000 156 174.8 161 534 252 5.8 60.8
657.2 12 56900 98900 478 1685 145 75.7 207 8.4 495
664.9 6.94 14000 31500 199 237.8 261 316 128 8.1 114
674.1 8.8 15800 26300 112 2111 268 379 115 3.7 441
683.1 9.87 3000 9200 139 2746 32 249 546 48 342
689.3 994 12700 9100 266 391.3 135 495 764 816 196
692.1 7.28 2100 10700 138 240.1 93 288 77.6 25 2.08
694.7 1080 14000 19600 171 167.7 105 24 80.6 6 185
701.1 181 3200 3800 177 1322 43 126 336 16 34
710.1 3.82 300 3100 163 258.2 40 17.1 557 1 0.84
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Table 2.2 continued

719.1
728.1
731.9
735.8
736.7
737.1
737.6
738.1
749.1
751.9
752.4
752.7
753.0
753.3
753.7
754.2
754.8
755.5
758.5
759.5
760.5
761.3
772.9
785.1
791.2

2.15
4.82
335
6.18
1090
2590
1920
372
11.6
262
609
8360
2070
4420
1140
2040
446
349
1120
632
3110
1230
5.67
6.19
1.44

100 300
30800 6500
46600 300
23700 600
2400 100
400 4400
700 1600
200 1400
700 1600
100 100

57
90
104
125
39
156
478
199
112
139
266
138
171
177
163
57
90
161
97
252
381
322
570
126
3430

117.1
266.4
192.34
245.61
289.99
174.79
168.49
237.75
211.09
274.55
391.25
240.09
167.71
132.16
258.15
117.06
266.4
153.31
57.04
95.2
535.4
229.1
129.25
235.54
373.16

23
43
58
10
51
114
77
40
179
323
43
349
38
101
24
51
23
61
93
51
154
115
377
89
32

3.88
27.8
8.89
6.54
23
17
12
7.17
16.8
30.6
14.8
180
26
80
10
22
5.75
12.9
6.79
4.7
14
5.66
4.83
6.84
0.27

14.7
83
128
133
277
138
160
99.9
61.4
163
34
157
31
59
9
17
7.6
17.8
20.4
15.6
40
53
40.8
54.2
1.3

3.7
11.1
4.6
13.2
129
51
153
11
3.9
3320
517
22000
415
10800
1780
1870
376
1180
186
144
339
5580
34.5
14.7
1.9

0.22
5.32
82.9
12.5
245
15
25
10.1
0.86
3.42
5.84
25
5
10
3
4
2.61
3.18
10.3
1.27
3
2.19
0.97
0.34
0.14

Table 2.3 Bulk compositional data in ppm for selected atesnieom MC-415

Sample U C S B REE Ba Co Ni Cu Mo

depth (tot)

548.2 6.06 50 50 68 1586 17 339 102 19 0.24
557.2 3.88 - - 116 10.8 22 38 182 11 0.24
566.2 13.7 200 50 56 19.6 579 232 18 0.8 0.17
575.2 8.15 - - 116 60.0 304 335 66.8 3 0.25
584.2 3.6 1900 50 154 2105 599 229 373 22 0.31
593.2 3.78 - - 156 2245 289 236 478 8 0.24
602.2 7.51 - - 81 251.7 494 26.2 59.1 23.6 5.19
611.2 11 50 50 54 143 303 0.77 2.1 2 0.2

620.2 4.4 8100 2100 50 243.3 1030 28.3 99.6 22.2 1.64
629.0 3.87 50500 50 52 97.0 504 20.8 43 18 0.38
638.2 8.4 - - 1480 1154 557 7.21 242 24 055
647.2 555 5600 3000 36 248.3 529 242 575 605 2.26
656.2 4.79 - - 29 241.3 1250 30.6 53.1 276 6.09
665.1 3.86 1700 400 23 196.7 678 189 46.4 27 0.61
674.1 9.41 19800 32200 65 2404 96 478 186 25.7 9.72
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Table 2.3 continued

682.9
687.4
688.1
688.4
688.9
692.1
693.8
696.9
697.7
701.4
710.1

719.1
728.1
737.1
746.1
755.1
764.1
772.2
773.1
782.1
791.1
800.1
803.5
809.2
818.1
827.1
836.1

5.14
5.6
13.8
14.7
115
13.9
7.71
14.9
13.7
4.56
15.8

3.19
5.1
93.1
4.18
63.3
5.57
778
31.5
1.71
1.09
4.24
2480
0.81
4.95
2.62
2.26

6400

67000

62000
53700
64800
19200
9600
50

50

3400
57500

50
50
50
50

50
50

134000

77500

33700
30400
216000
24700
13600
4000

200

6000
1700

50
100
400

50

500
50

58

120
153
182
81
118
90
87
155
77
174
110
411
117
25
24
66
233
65
100

76
26

279.8
165.0
183.7
264.7
1149
157.9
201.8
98.7
104.5
116.2
89.9

171.7
46.8
117.2
39.4
117.6
218.0
348.6
212.6
9.5
21.5
54.3
263.3
68.5
260.5
93.9
33.7

282
70
139
199
190
319
157
253
81
181
61

20
19
58
31
42
40
269
173
8
87
95
492
287
261
31
21

65.6
84
65.4
46
85.8
61.7
28
45
149
38
31.1

7.46
1.71
4.22
1.66
3.99
23.8
13
24.7
1.23
0.54
4.14
18
5.34
25.4
3.42
0.39

66.4
310
275
240
381
212
170
80
680
140
78.1

24.6
32.8
67.3
36.6
52.6
90.8
77
79.1
4.3
5.5
17.1
59
18.5
82.9
5.4
2.1

53.3
120
258
20
26.1
12.2

20
3.4
10.4
38.4
35.8
139
3.8

7.5
142
14.7
2.5
1.2
23.8
136
2.5

8.1
3.8

1.28
10
63.5
49
45.9
54.1
39
51
60
8.81
6.46

1.95
0.27
6.38
0.55
4.23
1.64
25
8.6
0.3
0.18
0.12

0.17
2.37
0.32
0.31
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Fig. 2.3 (continued)
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2.3.2 Optical Petrography and Scanning Electron Microscopy

Unaltered rocks and pre-ore alteratiddnalteredAthabasca Group sandstone consists of
detrital quartz with interstitial illite and trace amouotszircon. Euhedral quartz overgrowths
(EQz-) on detrital quartz, and lining vugs in the sandstonasseciated with hematization

(Hemw-2). Quartz corrosion affects detrital quartz and EQz

Unaltered basement gneiss near the P2 fault consigted, biotite, plagioclase,
graphite, + potassium feldspar, + almandine, and + cordimaiee minerals include rutile,
zircon, and monazite. Pods of anatectic pegmatite cosdpmisbiotite, quartz, and potassium
feldspar are interlayered with the gneiss. Potassiutsgal and almandine distal to the P2 fault
show variable degrees of chloritization.

Fault-hosted pyrite veins (Byare abundant (5 - >20%) within the P2 fault zone along
strike and at all depths examined during core loggingveips cut foliation, are associated with
illitized metamorphic K-feldspar, contain inclusions of fregnted metamorphic rutile, and are
commonly armored by hydrothermal quartz veins of which thedeseration (VQ2 formed

with the pyrite (Fig. 2.4A). These observations sugtiestPy is post-metamorphic.

Pyrite veins distal to the unconformity fill fracturesid frequently exhibit a sieved
texture where pyrite grew around chemically inert graphite @g#A). The margins of pyrite
veins at depth are smooth and free of embayment, and aisdlg@associated with illite
alteration of the host rock (Fig. 2.4B, Fig. 2.5A). Asfidngdted unconformity is approached
along the P2 fault from the basement; Wins show increasingly intense dissolution textures
and replacement with Fe-sudoite along vein margins awdirnpenetrating fractures (Figs.2.4C
and D, Figs. 2.5B, C, E and F). The margins af&ynored by VQzshow little to no
dissolution textures or replacement by sudoite (E#C, and Figs. 2.5C and D). The Fe-sudoite
alteration of Pyveins is most intense in basement rocks along the RZstdstone contact,

and is accompanied by fluorapatite with hematite inclusioisase locations (Figs. 2.4E, F,
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Figs. 2.5B, and C). High-contrast BSE imagery of sudoitx-edt Py (Fig. 2.5E) shows a patchy
texture delineated by regions of variable S and Fe coriastgy-dispersive X-ray spectroscopy
shows that all Pyreplaced by Fe-sudoite is S deficient. These compoaitim@terogeneities are

not present in unaltered Py

Metamorphic and hydrothermal quartz in rocks with extersigmite alteration of pyrite
is partially to totally replaced by sudoite (Fig. 2.5C). BSEgim@ of sudoite near partially
replaced quartz, or surrounding sudoite breccia fragmentgssiarker Mg-sudoite cores
surrounded by a bright halo of Fe-sudoite (Figs. 2.5C an&#@)dstone-hosted uranium ore
bodies are associated with pervasive sudoite-dravite tater®re samples rich in sudoite
contain sparse corroded detrital quartz grains, indicagagiyncomplete dissolution of detrital
guartz during sudoite alteration. Trace amounts of sub-magale barite occur as nodules
within the pore space between mixed illite and sudoite irchghbasement rocks associated
with basement-hosted uraninite (Figs. 2.6A-C).

CL imaging was used to identify crosscutting relationshipls moning in quartz. Ry
veins commonly occur in contact with hydrothermal quartz vé€ihsimages of contacts
between vein-hosted pyrite and quartz veins show veinthpsgtée cutting the inner growth
zones in the quartz, and a second quartz vein with datkenning the first quartz vein (Fig.
2.7).

Ore-stage alteratiotJraninite ore at McArthur River occurs in the sandst@ust fvedge at the
unconformity, and associated with bleached basement rocleepsas 120 m below the

unconformity.

Sandstone-hosted deposits comprise three generatiarenafite, and are spatially
associated with intense replacement of detrital quartutgite and dravite. Small 100-200 pum
crystals of euhedral pyrite and cobaltite-gersdoréiteur disseminated in intensely sudoitized
sandstone. The first generation of uraninite (Uiswvolumetrically the most significant,
overgrows euhedral pyrite, and contains vugs lined by eahedminite and filled with

marcasite (Mrg) (Figs. 2.8A and B). The outer parts of euhedral uranivatee marcasite
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inclusions that appear to have formed along or replace gzomigs in Urn (Fig. 2.8A).
Marcasite in the vug has partially inverted to pyrite. #i3o occurs replacing euhedral pyrite
formed during pre-ore alteration.

The second generation of sandstone-hosted uraninite) (kicurs as an overgrowth on Wisnd
euhedral cobaltite-gersdorffite (Figs. 2.8B, C, and D). Wrnlistinguished from Usrby the
darker optical reflectance, and the presence of chal¢epyalusions embayed into the rim of
Urny. Chalcopyrite also occurs as nodules on dravite csystaandstone with strong sudoite
replacement of quartz, rimming or replacing both marcgsiterations, filling microfractures in
fault-hosted pyrite, rimming cobaltite-gersdorffite overgtias on fault-hosted pyrite, and
replacing fault-hosted RyFigs. 2.8C, E, F, and 2.9C-F). Sudoite replaces corroddthtiend
euhedral quartz in sandstone. Sudoite is partially replagé&tn, and Urn. A second
generation of hydrothermal quartz veins (\éQQauts chalcopyrite filling microfractures in vein-
hosted pyrite, however the paragenetic relationship betWegmand VQz is unknown.

There are two generations of marcasite, these dnegdished based on their cross-
cutting relationships with hydrocarbon buttons (HCB). Mmarcasite is late- to post-Urn
infills vugs in Urn, and has weak Cu growth zones that are cut by HCB (Fig 2\8&).
marcasite grew around or into fractures in HCB (Fig. 2.8k),has distinct Cu-rich zones in
BSE images (Fig 2.9B). Both marcasite generations havalpaitiverted to pyrite (Figs. 2.8A
and F) as indicated by the patchy anisotropy and porosisedaby the volume change during
the marcasite to pyrite transformation (Murowchick, 1992)c.N& rimmed or replaced by

chalcopyrite.

The third generation of sandstone-hosted uraninitesjWeplaces chalcopyrite along
grain boundaries between pre-ore fluorapatite and ore-staBgH& 2.9E), and has cores
partially replaced by chalcopyrite (Fig. 2.10 C and D).3W@so occurs as inclusions along the
growth zone delineating HGBrom HCB: (Fig. 2.9F). HCB and HCB are optically discernible
with HCB; having a slightly lower reflectance than HCBICB were distinguished from

bitumen using the descriptions of Kyser et al. (1989).
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Fig. 2.4Photomicrographs of pyrite veins in the P2 fault zéneaeflected light and B.
transmitted plane polarized light images of sample MC 46681 showing unaltered pyrite
veins (Py), associated illitization, metamorphic rutile inclusian Py, and absence of sudoite
alteration. C. Transmitted plane polarized light imageaafge MC 411-1 641.1 from basement
rock in the hanging wall. These samples show sudoite tdteiaf fault-hosted Py replacement
of illite with sudoite, absence of sudoite alteration rehgyrite is armored by hydrothermal
quartz (VQz), and replacement of metamorphic and hydrothermal quagadwnite. D.

Reflected light image of sample MC-411-1 660.5 showing fendtdd Pyreplacement by
sudoite, euhedral Pypvergrowth on corroded Byand fluorapatite associated with the strongest
sudoite alteration. E. transmitted plane polarized lightR reflected light images of sample
MC-410-1 602.7 in the immediate metamorphic hanging wall to thistame fault wedge. This
sample shows pervasive sudoite-dravite-fluorapatite alterditgnatite inclusions in
fluorapatite, and ore stage sulfide alteration.
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Fig. 2.5 BSE images of pyrite veins distal and proximahéounconformity. A. Sample MC-430
971.6, a relatively unaltered basement gneiss at depth witbidted fault-hosted pyrite vein
and associated illite alteration. B-D. Sample MC-411-1 660rh the footwall near the
unconformity below the fault wedge with pyrite ¢Pdissolution textures, hydrothermal quartz
armoring (VQz1l), sudoite-fluorapatite alteration, and Fe-seideplacing pyrite. E. Sample
MC-411-1 660.5 showing patchy texture in Fe-sudoite replaceddfnpeating zones of variable
sulfur content, and overgrowth of euhedral By Py. F. Sample MC-411 632.0 showing Fe-
sudoite replacing Ry
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Fig. 2.6 BSE images of barite in sudoite-altered baseroeks.A. and B. Submicron scale
barite associated with mixed Mg-sudoite and illite (llt13ample MC-415 771.9. Barite occurs
as anhedral nodules in the pore space between Ilt1 and Mgessldeets.

Fig. 2.7 Cathodoluminescence images of quartz veins asbeigh fault-hosted pyrite. A.
Sample MC-415 687.4 with a pyrite vein and two generationsdrbltlyermal quartz VQz
(orange CL) and VQZdarker CL) veins cutting metamorphic quartz (blue and purple Tig
inner growth zones of the V@are cut by the pyrite, indicating the hydrothermal quantméd
before or during pyrite formation, and that vein-hogigde is post-metamorphic. VQis
rimmed by VQz with darker CL. B. Sample MC-411-1 660.5-660.6 with a VAigan armoring
against sudoite alteration of vein pyrite.

BSE imaging and EDS analyses of sandstone-hosted uranisaeple MC-410-1 611.7
(Fig. 2.10) shows three generations of uraninite with tiana in BSE brightness corresponding

to progressively decreasing U content from{ddnns, and elevated Pb concentrations indJrn
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Chalcopyrite is embayed into Urand euhedral crystals of Wrreplace chalcopyrite. Galena
crosscuts all generations of uraninite, with {UJerhibiting the most intense galena replacement.

Basement-hosted uraninite occurs in strongly bleached icharacterized by intense
pre-ore illite, Mg-sudoite, aluminum phosphate-sulfatearals (APS), and euhedral pyrite £y
alteration of graphitic gneiss. APS minerals show diszoning in BSE images. EDS analyses
indicate that the dark cores of APS minerals are CaSamith; brighter zones are enriched in
La, Ce, and Nd; and intermediate brightness zonesached in Ca, Sr, and Ce (Fig. 2.11A).
The CaSr-rich cores of APS minerals are surrounded by growth zoredlggporosity that is in
turn rimmed by C&r-As enriched APS. Bright and dark BSE growth zones aterand range

in thickness from ~1 pm to submicron scales.

Basement-hosted uraninite occurs in three generatimehbas paragenetic relationships
with Py and chalcopyrite similar to sandstone-hosted uraninites(Rid 1B-F). Pyis rimmed
and partially replaced by Urnwhich is in turn rimmed by and partially replaced by chajcog
(Figs. 2.11B and C). Uins also rimmed or replaced by Urnvhich is slightly darker in BSE
than Urn (Figs. 2.11D and E). Usns rimmed by Urg, which is darker in BSE than both Wrn
and Urn. EDS analyses indicate that these variations in Bgfatbess are largely caused by
increasing silicon and calcium content from Utimrough Ura. Chalcopyrite infills void space

in, or partially replaces APS minerals, and is partiadplaced by W (Fig. 2.11F).

Late alterationPost-ore alteration is dominated by calcite, and is minorpared to pre-ore and
ore-stage alteration. Calcite is observed infilling cotst&etween various ore-stage minerals,
and between post-ore monazite rims on HCB (R, 2.9F, and 2.12).

2.3.3 Paragenesis

Optical microscopy, SEM analysis, and CL imaging weeslis identify key
paragenetic relationships. Figure 2.13 depicts the parageegtiersce derived from these
observations. The general paragenetic trend in metamanatkis and the sandstone consists of
pre-oxidation minerals, an oxidized mineral assemblagewetdy a reduced mineral

assemblage including uraninite, and late carbonate-phosgtextion.
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Fig. 2.8 Ore-stage uraninite and alteration associatedsauittistone-hosted ore bodies. A.
Reflected light image of sample MC-410-1 611.5 with compigpdacement of all pre-ore
minerals by Urn Mrcy occurs filling vugs in Urp and as inclusions the outer zones ofi;UB
and C. Reflected light images of sample MC-408 617.2 showimgplete replacement of
detrital quartz with Fe-sudoite (Fe-sujland dravite, Urpand Fe-sugreplacing euhedral Ry
Urn: rimming Urry, Urre with chalcopyrite embayed into Wyrand chalcopyrite nodules on
dravite. D. Transmitted plane polarized light image ofigi@ MC-410-1 611.7 with reflected
light inset showing corrosion of detrital and euhedral iquand replacement by sudoite. Wrn
and Urn p partially replace sudoite. E. and F. reflected ligiages of sample MC-408 615.5
showing relationships between Mrpre-ore euhedral quartz, HCBnd HCB, chalcopyrite,
post-ore calcite, and partial inversion of marcasite tagyKote Mre growing around HCB,
and HCB-Mtc; contacts infilled by post-ore calcite.
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Cob-Grs

AP o HCB2

Fig. 2.9 BSE images of ore-stage uraninite and alteratinerais associated with sandstone-
hosted uranium ore bodies. Sample MC-408 615.5 with Cu-rich growth zones in Mrat by
HCB, and chalcopyrite rim on MycB. Sample MC-408 615.5 with Mrehowing concentric
Cu-rich growth zones not cut by pre-ore euhedral quartz. €Daisample MC-410-1 602.7
with cobaltite-gersdorffite overgrowths on fault-habtgrite (Py), chalcopyrite rimming or
filling microfractures in vein-hosted pyrite and rimming clbibagersdorffite. E. and F. Sample
MC-408 615.5 with Urgireplacing chalcopyrite along contacts with fluorapatitd HCB. Uri
also occurs along the contact between Hai]l HCB.

37



\
Fig. 2.10 BSE images of ore-stage uraninite and alteratinerais associated with sandstone-
hosted uranium ore bodies from sample MC-410-1 611.7. A, Umy, and Urn distinguished
by variations in BSE brightness corresponding to vanatia U and Pb content. A-C. Galena
crosscuts all generations of uraninite, and preferentigiiaced Urn C. and D. Urpis partially
replaced by chalcopyrite, and euhedraldfeplaces chalcopyrite.
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Fig. 2.11 BSE images of ore-stage uraninite and alteratinarals associated with basement-
hosted uranium ore bodies, from sample MC-415 803.4. A. Cotigpwdizoning in APS
minerals. B. and C. Paragenetic relationships betweemy2PS minerals, Urnl, and
chalcopyrite. D. and E. Urnl, Urn2, and Urn3 overgrowthprerore euhedral pyrite. F.
Chalcopyrite replacement of APS mineral, and subsequglacement of chalcopyrite by Urn3.
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Fig. 2.12 Microtextural relationships between late aftenaminerals. A. and B. Calcite infilling
contacts between monazite rims on HCB. MC-408 615.5.
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Key relationships include: 1) Emplacement of fault-hostedepffPyt) and associated
illitization (Ilt 1) of feldspar; 2) Syn- to po&ty. hydrothermal quartz veins (V@azwith inner
zones cut by Ry VQz: locally armors vein-hosted pyrite; 3) Formation of edral quartz (EQz
and EQz) with hematite inclusions; 4) Corrosion of metamorpHtetrital, and hydrothermal
quartz is associated with dravitization, Mg-sudoite reptes@ of Ilt,, and in intensely altered
rocks fluorapatite. All minerals associated with quartzason contain fluorine. 5) Corrosion
and replacement of Pipy Fe-sudoite (Fe-suy Fe-sud also replaces Mg-sudoite. Strongly
zoned APS minerals formation occurred along with Fe-seidaitd may have continued
episodically until chalcopyrite formation. Recrystadlibn of pyrite occurred in sudoite-altered
Py.. 6) Euhedral pyrite (By and cobaltite-gersdorffite occur disseminated in intensely
sudoitized rocks near sandstone-hosted ore bodies. EuRgged$o occurs as overgrowths on
sudoitized Pyveins. 7) The first generation of uraninite (Jrnms or replaces euhedral Ry
Uraniferous rutile formed along with Urim the basement. Fe-sudoite (Fe-8udplaces
euhedral Py this probably occurred with the formation of each urémigeneration. 8)
Marcasite (Mrg) forms during and after the last stages ofiflsrmation. 9) A second
generation of uraninite (Ughrims Urn and cobaltite. Urncontains chalcopyrite embayed into
the rim. VQz cuts chalcopyrite, but the paragenetic relationship betwW€¥z, Urrs, and galena
is unknown. 10) Marcasite (MicRims HCB and is replaced by chalcopyrite. 11) A third
generation of uraninite (Ughreplaces chalcopyrite and is included within HCB?) Galena
crosscuts all uraninite generations, and preferentiallgecep Urn.; and 13) Late alteration

minerals are monazite followed by calcite.

2.3.4 Electron Microprobe Analysis

Chlorite mineralsChlorite octahedral site occupancy was determined by reatifayl
mineral formulas based on 14 oxygens, and the results a&m igi¥igure 2.14Chlorite from
bleached basement rocks in the footwall have Mg-sudoite cgitiges. Chlorite forming the
groundmass, breccia fragments, and cores of Fe-riohitehhaloes cluster around the Mg-
sudoite composition. Chlorite rimming chlorite breccia fmagts, in the Fe-rich chlorite haloes,
and associated with pyrite alteration constitute adteamay from Mg-sudoite directly towards

iron, and have compositions consistent with Fe-sudaiiedatrioctahedral chlorite. Weight
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percent oxides and calculated octahedral site occuganeyt spots analyzed in sample MC-
411-1 660.5 are provided in Table 2.4, with location of spotsgiv&igure 2.15. This data
represents the trend from Mg-sudoite towards Fe that isiatst with Fe-sudoite replacement
of pyrite and Mg-sudoite. Data for all chlorite analyaes provided in AppendiR

supplemental electronic file: McArthur_River_chlorite_composgialsx.

Sulfide and sulfarsenide minerdtgyure 2.16 is &e-S-100Cu ternary diagram, and
shows a trend towards Cu enrichment of sulfide mineralstower The fault-hosted pyrite (By
data are clustered tightly at low Cu concentrations.sLitier deficiency and variable S and Fe
contents in Fe-sudoite alterBg: are confirmed by EMP analyses. Euhedral pyrite)(iPy
bleached basement rocks has a range of Cu concentradse all higher than the fault-
hosted pyrite. Mrchas low to intermediate Cu concentrations, and.Mas clusters of data
points over a wide range of Cu concentrations reflectiagth zonation seen in BSE images.
Mrci has As contents ranging from ~1-2 wt.% while As in Msc>1 wt.%. Chalcopyrite has the
highest Cu concentrations of all sulfides examined. Reptasa: data for sulfide minerals are
given in Tables 2.5-2.7. Data for all sulfide and sulfadeainalyses are provided in Appendix

A supplemental electronic file: McArthur_River_sulfide_compioss.xIsx.

The range of compositions of cobaltite-gersdorffitestalg and variations in Co and Ni
concentrations from the core to the edge of the crgstajjiven in Figure 2.17. Euhedral
cobaltite-gersdorffite crystals have Co-rich cobaltibres with progressively higher Ni
concentrations towards the edge of the crystal whereottmposition is Co-rich gersdorffite.

Representative data for cobaltite-gersdorffite arergimelable 2.8.

Uraninite The three generations of sandstone-hosted uraainitdbasement-hosted
uraninite were analyzed for U, Th, Pb, Si, Ca, Ba, R\|,SSc, Ti, V, Cr, Fe, Co, Zr, Hf, Y, Sm,
and Er. Oxygen was determined based on charge balance requgeBasement-hosted
uraninite was too small to resolve compositional differethet®een generations using a 1 pm
spot size, and therefore EMP data represents averagmsibions. Several analyses have low
analytical totals. These can be caused by partial oxidatianto-oxidation of tf to U™, water
or hydroxyl groups adsorbed on the uraninite crystal struateas of alteration smaller than

the electron beam interaction volume, and analy&oalr (Janeczek and Ewing, 1992). The
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three generations of sandstone-hosted uraninite havectistioe element signatures from each
other and from basement-hosted uraninite (Figs. 2.18-2.20). Seepagve uraninite
compositions are provided in Tables 2.9 and 2.10. Elementewatly analysis below the
detection limit are not reported. Data for all uraninielgses are provided in the supplemental
electronic files: McArthur_River_SS_uraninite_compositions.xsx McArthur
River_basement_uraninite_compositions.xIsx (Appendix A)dStame-hosted Ugns
characterized by elevated U and Pb content, and low STIC&’, Sm, and Er content. There is
a trend towards increasing Si and Ca, and decreasing U frontidongh Urna (Figs. 2.18 and
2.19), with Urn trending towards basement-hosted uraninite compositi@seBent-hosted
uraninite is compositionally distinguished from sandstbosted uraninite by elevated Si, Fe, Ti,
Th, Y, Er, and Sm content, and lower U and Pb content-Hignalyses from MC-415 779.3
have compositions consistent with uraniferous rutile (Saag®iStupp, 1983). Figure 2.20
shows the distinct U, Pb, and Th contents between saredsind basement-hosted uraninite.
The compositional trends of sandstone-hosted uramgaiterations determined in this study are
comparable to those determined by Fayek and Kyser (1997) fortMoARiver. Sulfur is below
the detection limit for all uraninite analyses, indingtthat Pb is within the uraninite structure
(Janeczek and Ewing, 19902
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Fig. 2.14 Octahedral site occupancy of chlorites determined#®y &alysis and formula
calculation using 14 oxygens. Chlorite endmember compositionsHolland and Powell
(1998).Fe-sudoite composition from Ng et al. (2013).
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Fig. 2.15 Microprobe spots for MC-411-1 660.5. The size ofpbé®rrespondsto a 2 um
interaction volume, and the numbers correspond to spot |Ibensnn Table 2.4.

44



Table 2.4 MC-411-1 660.5 chlorite EMP analyses

Spot ID 1 2 3 4 5 6 7 8 9
SIO; 32.331 33.639 33.107 31.659 33.817 30.528 30.336 35.823 31.025
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl
AlOs  23.972 23.066 21.667 22.898 25.554 22.435 22.524 33.007 27.950
Cr20s bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO 14.862 14.230 14.648 16.334 11.218 16.957 19.026 2.027 5.507
MnO 0.066 0.079 0.038 0.073 0.004 0.120 0.100 bdl bdl
V203 bdl bdl bdl bdl bdl bdl bdl bdl 0.004
NiO bdl bdl bdl 0.002 0.007 bdl 0.001 bdl bdl
CoO 0.014  bdl 0.008 0.014  bdl bdl 0.011 bdl 0.008
ZnO bdl bdl bdl bdl bdl 0.038  bdl 0.027  bdl
MgO 13.987 14.286 12.893 13.734 14.121 13.216 12.706 14.380 20.746
CaO 0.212 0.094 0.093 0.152 0.153 0.217 0.241 0.103 0.113
BaO bdl bdl bdl bdl 0.002 bdl bdl 0.008  bdl
NaO 0.027 0.039 0.026 0.058 0.041 0.046 0.029 0.022 0.006
K20 0.205 0.148 0.101 0.128 0.260 0.159 0.152 0.510 0.160
Cl 0.049 0.073 0.086 0.110 0.065 0.052 0.042 0.011 o0.011
F 0.982 0.235 0.279 0.305 0.481 0.403 0.429 0.347 0.443
Total 86.706 85.889 82.948 85.467 85.721 84.171 85.596 86.266 85.973
Cations
per 14 O
Si 3.22 333 3.40 3.20 3.30 3.16 3.13 3.26 2.95
Al 281 2.69 2.62 2.73 2.94 2.74 2.74 3.55 3.13
Fe 1.24 1.18 1.26 1.38 0.91 1.47 1.64 0.15 0.44
Mn 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00
Mg 207 211 1.98 2.07 2.05 2.04 1.95 1.95 2.94
Ca 0.02 0.01 0.01 0.02 0.02 0.02 0.03 0.01 0.01
Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
K 0.03 0.02 0.01 0.02 0.03 0.02 0.02 0.06 0.02
Siv 3.22 3.33 3.40 3.20 3.30 3.16 3.13 3.26 2.95
AlY 0.78 0.67 0.60 0.80 0.70 0.84 0.87 0.74 1.05
vacancy' 0.66 0.69 0.73 0.60 0.80 0.57 0.53 1.08 0.54
Al 2.03 2.02 2.03 1.94 2.23 1.90 1.86 2.81 2.08
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Table 2.4MC-411-1 660.5 chlorite EMP analyses continued

Spot ID 10 11 12 13 14 15 16 17 18
SIO, 32.094 37.201 33.181 34.436 32.859 35.427 30.894 33.283 36.850
TiO> bdl bdl bdl bdl bdl 0.003 bdl bdl bdl
Al,Os 24525 33.559 23.362 25.904 23.873 31.389 21.528 22.496 34.718
Cr0s bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO 14.035 3.531 16.513 10.904 15.837 4.164 18.052 10.089 1.268
MnO 0.033 0.008 0.083 0.015 0.055 0.003 0.079 0.026 bdl
V203 bdl bdl bdl 0.001 bdl 0.004 bdl bdl bdl
NiO bdl 0.021 0.011 0.011 0.003 0.004 bdl bdl bdl
CoO 0.019 bdl 0.031 0.008 bdl bdl bdl 0.005 bdl
ZnO bdl bdl 0.021 0.007 0.050 0.000 0.006 0.001 bdl
MgO 14.068 15.104 13.471 15.085 13.204 14.685 12.509 15.710 13.635
CaO 0.092 0.099 0.219 0.099 0.216 0.128 0.192 0.315 0.093
BaO bdl bdl bdl bdl bdl bdl bdl bdl 0.015
NaO 0.006 0.012 0.048 0.022 0.044 0.009 0.049 0.068 0.006
K20 0.123 0.495 0.187 0.165 0.219 0.434 0.133 0.164 0.654
Cl 0.140 0.029 0.026 0.089 0.048 0.013 0.016 0.032 0.023
F 0.397 0.452 0.545 0.572 0.606 0.494 0.710 0.936 0.268
Total 85.531 90.511 87.699 87.318 87.012 86.759 84.167 83.126 87.529
Cations
per 14 O
Si 3.20 3.26 3.27 3.29 3.25 3.26 3.23 3.36 3.29
Al 2.88 3.47 2.71 2.92 2.79 3.40 2.65 2.68 3.65
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 1.17 0.26 1.36 0.87 1.31 0.32 1.58 0.85 0.09
Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Mg 2.09 1.97 1.98 2.15 1.95 2.01 1.95 2.36 1.81
Ca 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.03 0.01
Na 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00
K 0.02 0.06 0.02 0.02 0.03 0.05 0.02 0.02 0.07
Siv 3.20 3.26 3.27 3.29 3.25 3.26 3.23 3.36 3.29
AllY 0.80 0.74 0.73 0.71 0.75 0.74 0.77 0.64 0.71
vacancy' 0.66 1.03 0.67 0.77 0.69 1.00 0.59 0.75 1.16
AlV! 2.08 2.73 1.98 2.21 2.04 2.66 1.88 2.03 2.94

46



Table 2.4 MC-411-1 660.5 chlorite EMP analyses continued

Spot ID 19 20 21 22 23 24 26
SiO, 37.937 30.199 30.430 31.928 33.856 32.640 32.919
TiO> bdl bdl bdl bdl bdl bdl bdl
Al,Os  33.067 23.247 24.722 24.274 24.983 23.025 23.495
Cr0s bdl bdl bdl bdl bdl bdl bdl
FeO 0.899 14.330 14.478 16.145 14.465 11.121 13.820
MnO bdl 0.061 0.069 0.071 0.063 0.027 0.023
V203 bdl bdl bdl bdl bdl bdl bdl
NiO bdl bdl 0.002 bdl 0.024 bdl bdl
CoO 0.006 0.004 0.043 0.013 0.006 0.014 o0.008
ZnO bdl bdl bdl bdl 0.008 bdl 0.001
MgO 15.504 14.033 13.610 14.568 15.423 17.113 14.757
CaO 0.072 0.059 0.058 0.161 0.049 0.072 0.101
BaO bdl bdl bdl 0.023 bdl bdl bdl
NaO 0.008 bdl bdl 0.006 0.016 0.025 0.037
K20 0.299 0.100 0.187 0.138 0.048 0.055 0.408
Cl 0.087 0.164 0.132 0.026 0.026 0.096 0.023
F 0.227 0.186 0.125 0.288 0.465 0.525 0.589
Total 88.106 82.381 83.855 87.641 89.431 84.712 86.180
Cations

per 14 O
Si 3.35 3.14 3.10 3.14 3.22 3.24 3.26
Al 3.44 2.85 2.97 2.81 2.80 2.70 2.74
Fe 0.07 1.25 1.24 1.33 1.15 0.92 1.14
Mn 0.00 0.01 0.01 0.01 0.01 0.00 0.00
Mg 2.04 2.18 2.07 2.14 2.19 2.53 2.18
Ca 0.01 0.01 0.01 0.02 0.00 0.01 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01
K 0.03 0.01 0.02 0.02 0.01 0.01 0.05
Siv 3.35 3.14 3.10 3.14 3.22 3.24 3.26
Al'Y 0.65 0.86 0.90 0.86 0.78 0.76 0.74

vacancy' 1.10 0.58 0.61 0.57 0.63 0.60 0.67
AlV! 2.79 1.99 2.08 1.95 2.02 1.94 2.00
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Table 2.5Representative EMP analyses for fault-hosted and euhmgita, data in wt.%

Sample

ID Morphology Cu Fe Ni Co As S Total
MC-410- Fault-hosted

1599.1 vein Py  0.035 46.39 0.090 0.23 bdl 52.43 99.14
MC-410- Fault-hosted

1599.1 vein Py  0.035 46.37 0.150 0.31 bdl 52.37 99.19
MC-410- Fault-hosted

1599.1 vein Py  0.035 47.30 0.092 0.22 bdl 53.18 100.79
MC-410- Fault-hosted

1599.1 vein Py  0.035 46.82 0.197 0.13 bdl 52.17 99.32
MC-410- Fault-hosted
2 659.6 veinPy  0.035 47.36 bdl 0.08 bdl 54.03 101.47
MC-410- Fault-hosted
2 659.6 veinPy  0.035 47.15 bdl 0.08 bdl 53.53 100.76
MC-410- Fault-hosted
2 659.6 veinPy  0.035 46.72 bdl 0.09 bdl 53.91 100.72
MC-410- Fault-hosted
2 659.6 veinPy 0.035 46.75 bdl 0.07 bdl 54.05 100.86
MC-410- Fault-hosted
2 659.6 veinPy  0.035 46.91 bdl 0.09 bdl 53.79 100.79
MC-410- Fault-hosted
2 659.6 vein Py 0.07 46.92 bdl 0.08 bdl 54.00 101.07
MC-410- Fault-hosted
2 659.6 vein Py  0.035 45.62 bdl 0.06 0.090 53.42 99.19
MC-410- Fault-hosted
2 659.6 vein Py 0.035 46.69 bdl 0.09 bdl 53.86 100.64
MC-430 Fault-hosted

971.6 vein Py  0.035 47.26 bdl 0.09 bdl 53.89 101.24
MC-430 Fault-hosted

971.6 vein Py  0.035 47.05 bdl 0.08 bdl 53.78 100.91
MC-430 Fault-hosted

971.6 vein Py  0.035 47.17 bdl 0.10 bdl 54.00 101.28
MC-430 Fault-hosted

971.6 vein Py 0.035 47.05 bdl 0.10 bdl 53.83 100.98
MC-415 Euhedral

771.9 Py 0.035 47.12 bdl 0.14 bdl 54.09 101.36
MC-415 Euhedral
771.9 Py 0.39 45.10 bdl 0.31 bdl 53.98 99.77
MC-415 Euhedral
771.9 Py 0.56 44.83 0.138 0.74 0.049 52.89 99.21
MC-415 Euhedral
771.9 Py 0.67 45.73 0.122 0.52 bdl 53.92 100.96
MC-415 Euhedral
771.9 Py 1.13 44.84 0.170 0.73 bdl 53.30 100.16
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Table 2.5 continued

MC-415
771.9
MC-415
771.9
MC-415
771.9

Euhedral
Py,

Euhedral
Py,

Euhedral
Py

0.48 44.57 0.080 1.25 0.054 52.40 98.84

0.52 46.12 0.051 0.61 0.050 54.09 101.45

0.93 45.53 0.123 0.44 bdl

53.83 100.87

Table 2.6Representative EMP analyses for marcasite, data in wt.%

Sample ID Morphology Cu Fe Ni Co As S Total
MC-410-1 Vug in Urny

611.5 Mrcy 0.035 45.77 bdl 0.09 1.111 52.36 99.33
MC-410-1 Vug in Urny

611.5 Mrcy 0.035 46.29 bdl 0.08 1.085 52.90 100.3
MC-410-1 Vug in Urny

611.5 Mrc1 0.035 44.15 0.155 0.17 1.809 51.43 97.72
MC-410-1 Vug in Urny

611.5 Mrcy 0.035 44.16 bdl 0.07 2.352 50.63 97.22
MC-410-1 Vug in Urn,

611.5 Mrcy 0.31 4291 bdl 0.06 0.948 50.93 95.15
MC-410-1 Vug in Urn,

611.5 Mrcy 0.79 40.86 bdl 0.08 1.559 47.93 91.22
MC-410-1 Vug in Urn

611.5 Mrcy 0.08 41.94 bdl 0.07 1.958 50.22 94.27
MC-410-1 Vug in Urn

611.5 Mrcy 0.13 4059 bdl 0.10 2.226 48.35 91.39
MC-410-1 Vug in Urn

611.5 Mrcy 0.035 39.20 bdl 0.08 1.868 47.64 88.79
MC-408 Euhedral

615.5 Mrcz 0.15 46.61 bdl 0.22 0.089 53.33 100.4
MC-408 Euhedral

615.5 Mrcz 0.17 46.48 bdl 0.10 0.083 53.36 100.2
MC-408 Euhedral

615.5 Mrcz 0.39 46.82 bdl 0.11 0.250 53.45 101.0
MC-408 Euhedral

615.5 Mrcz 0.36 46.79 bdl 0.08 0.133 53.79 101.2
MC-408 Euhedral

615.5 Mrcz 0.57 45.73 bdl 0.07 0.898 52.57 99.84
MC-408 Euhedral

615.5 Mrcz 0.89 46.12 bdl 0.09 0.061 53.64 100.8
MC-408 Euhedral

615.5 Mrcz 0.92 4587 bdl 0.10 0.354 53.20 100.5
MC-408 Euhedral

615.5 Mrcz 156 45.74 bdl 0.09 0.612 53.04 101.0
MC-408 Euhedral

615.5 Mrcz 0.57 46.76 bdl 0.09 0.261 53.27 100.9
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Table 2.7Representative EMP analyses for chalcopyrite, datd.¥

Sample

ID Morphology Cu Fe Ni Co As Mo S Total
MC-408 marcasite

615.5 replacement 34.12 30.22 bdl 0.05 bdl 0.06 34.27 98.73
MC-408 marcasite

615.5 replacement 34.04 30.13  bdl 0.05 bdl bdl 34.55 98.78
MC-408 marcasite

615.5 replacement 34.28 29.85  Dbdl 0.05 bdl bdl 34.66 98.84
MC-408 marcasite

615.5 replacement 33.93 30.08  bdl 0.05 bdl 0.04 34.20 98.31
MC-

410-1 fracture fill

599.6 in pyrite 34.93 30.70 bdl 0.07 0.038 0.02 34.91 100.67
MC-

410-1  fracture fill

599.6 in pyrite 3455 30.67 bdl 0.05 0.098 0.06 34.78 100.21
MC-

410-1  fracture fill

599.6 in pyrite 34.13 29.78 bdl 0.06 bdl 0.03 34.52 98.53
MC-

410-1  fracture fill

599.6 in pyrite 33.99 30.01 bdl 0.06 bdl 0.03 34.63 98.72
MC-

410-1  fracture fill

599.6 in pyrite 34.11 30.39 bdl 0.04 bdl 0.04 35.36 99.93
MC-

410-1  fracture fill

599.6 in pyrite 34.28 30.00 bdl 0.05 bdl 0.02 3450 98.85
MC-

410-1  fracture fill

599.6 in pyrite 34.04 30.38 bdl 0.06 bdl 0.05 34.68 99.21
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Table 2.8 Representative EMP analyses for euhedral ¢ebgdtisdorffite in sample MC-408
617.2, data in wt.%

Spot
location Cu Fe Ni Co As Mo S Total
overgrowth  bdl 1.87 8.484 2441 41944 0.03 20.17 96.90
core bdl 195 3.363 29.81 40.118 0.09 21.42 96.75
core bdl 214 3.092 29.35 39.742 055 21.23 96.10
core bdl 155 2.850 2856 41512 140 19.63 95.51
core bdl 0.98 9.221 2450 42.352 bdl 19.65 96.71
overgrowth  bdl 0.80 18.321 15.90 42.047 hbdl 20.19 97.26
Si
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Fig. 2.18 Ternary diagram showing variation in Pb, Si,@admol%) between sandstone-hosted
Urny, Urrp, Urng, and basement-hosted uraninite and uraniferous rutile.
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Table 2.9 Representative EMP analyses for sandstoneehastininite, data in wt.%.

Sample ID Generation U Th Pb Si Ca Zr Ti Fe Al Sc Sm P O Total
MC-410-1
611.5 Urnl 63.98 bdl 8.50 0.426 0.816 bdl 0.08 0.17 bdl 0.035 bdl 0.32 10.60 84.94
MC-410-1
611.5 Urnl 51.82 bdl 27.13 0.324 0.499 bdl 0.05 0.14 bdl 0.039 bdl 0.18 9.96 90.15
MC-410-1
611.5 urn2 57.22 bdl 12.58 1.206 0.600 bdl bdl 0.26 0.027 0.051 bdl 0.87 11.53 84.35
MC-410-1
611.6 urn2 53.36 bdl 18.85 0.830 0.709 bdl bdl 0.14 0.055 0.019 bdl 0.41 10.48 84.85
MC-408
617.2 urn3 61.38 bdl 0.78 1.783 2.909 bdl 0.26 0.85 0.141 0.044 bdl 0.05 12.15 80.36
MC-408
617.2 Urn3 60.00 bdl 2.90 1.910 2.844 0.08 0.26 0.68 0.132 0.036 0.03 0.09 12.26 81.23
Table 2.10 Representative EMP analyses for basemendhost@nite and uraniferous rutile, data in wt.%.
Sample
ID U Th Pb Si Ca Zr Hf Ti Fe Al Sc Y Sm FEr P O Total
MC-415
803.4 59.77 0.17 bdl 1.244 1.709 3.39 bdl 193 1.06 0.504 bdl bdl 0.04 bdl 0.13 13.57 83.52
MC-415
803.4 56.00 0.06 bdl 2.152 2.225 3.13 bdl 1.80 0.92 0.303 bdl bdl bdl bdl 0.30 14.11 81.00
MC-415
803.4 53.61 0.18 bdl 2.219 2.119 5.09 bdl 154 0.75 0.098 bdl bdl 0.04 bdl 0.33 14.15 80.12
MC-415
7719 41.66 3.88 0.09 6.771 0.936 4.27 0.11 0.24 2.02 0.619 0.349 1.35 0.39 0.16 1.12 19.12 83.09
MC-415
779.3 20.93 0.30 0.41 1.100 0.462 0.09 bdl 34.52 1.08 0.218 0.089 0.15 0.11 bdl 0.00 28.04 87.50
MC-415
779.3 19.52 0.36 0.57 0.678 0.583 0.07 bdl 34.10 1.13 0.090 0.019 bdl bdl bdl 0.20 27.20 84.51
MC-415
779.3 14.81 0.69 2.48 0.137 0.310 0.09 bdl 36.19 0.65 0.080 0.017 bdl bdl bdl bdl 27.04 82.48
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2.4 Discussion

Fault-hosted pyritd he results of the present study show that the faistelalopyrite
veins (Py) at McArthur formed after metamorphism and deformatibiihe basement rocks. The
veins crosscut foliation and metamorphic minerals. Adlagthal. (2016) obtained concordant U-
Pb ages for rutile ranging from 1726 +12 Ma to 1771.3 +9.8 Ma, yotinge the age of 1800-
1840 Ma for peak metamorphic P-T conditions (Annesley e2@D5). Alexandre et al. (2009)
obtained art’Ar/*°Ar age of 1675 +15 Ma for illitized feldspar from McArthur River.
Crosscutting relationships establish that Byyounger than rutile, placing an upper age limit of
1726 Ma on Py The paragenetic association betweend?yl illitized feldspar suggest that:Py
most likely formed ca. 1675 Ma, after sedimentary deposiiegan in the Athabasca Basin. The
pyrite veins are interpreted to be pre-ore as the pgriteplaced by Fe-sudoite, which is
associated with the ca. 1590 Ma uraninite mineralizationc&riur and elsewhere (Billault et
al., 2002; Alexandre et al., 2009; Ng. et al., 2013).

2.4.1 Pre-ore Alteration

Significance of fault-hosted pyrifighe textural relationship between Fe-sudoite and
altered Pyveins in the P2 fault proximal to the unconformity is iadilce of a chemical reaction
involving these two minerals. This hypothesis is supportdtidabsence of pyrite dissolution
where pyrite is armored by hydrothermal quartz. The delagagensity of pyrite dissolution
and abundance of Mg- and Fe-sudoite with depth along tfeuR2uggests that the fluid
responsible for sudoitization and pyrite dissolutiogioated from the basin, and penetrated into

the basement becoming buffered to the rock with depth.

Sudoite is a di-trioctahedral chlorite that can incoapmFé* into the dioctahedral layer.
Billault et al. (2002) and Ng et al. (2013) conducted studies osttheture and chemistry of Fe-
sudoite from the Athabasca Basin, including samples frafrtur River. Using Méssbauer
spectroscopy these authors confirmed that significantiats@f F&" is incorporated in the
sudoite structure, with as much as 56-60% of the total irowgfed*. Ng et al. noted that

sudoite surrounding uraninite deposits contained more totabiResudoite from barren
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locations, and proposed that higher concentrations bflenBe?* contributed to mineralization
at McArthur River.

We propose that fault-hosted:Rseins provide an abundant source of*Fand that
oxidation of these veins by basinal fluids is responsibi¢hi®e corrosion and replacement ofiPy
with Fe**-bearing Fe-sudoite. Euhedral.Ry also corroded and replaced by Fe-sudoite and
Urm. The SG* resulting from pyrite oxidation was incorporated into ARiBerals and barite,
with a portion of SG remaining in solution as suggested by the absence ofsoiae
anhydrite. The patchy texture, sulfur deficiency, and varidlded Fe content of Fe-sudoite

altered Py is consistent with oxidation of pyrite (Wersin et 4B94).

Pyrite oxidation by hydrothermal fluids is a multi-stepgass using the following
reactions (Granger and Warren, 1969; Goldhaber et al., 1978y Eawl., 1984; Scott et al.,
2007, Chandra and Gerson, 2010):

FeS+720,+H,0 7 F&*+2SQ% +2H' (1)

FE* +1/40 +H' 7 F&* +1/2H0 (2)

FeS +14Fé* +8H,0 7 15F&* +2SQ? + 16H" (3)

In reaction (1) & in pyrite is oxidized to sulfate by O and Fe remain&énreduced divalent
state. Water is a participating reactant in pyritelation (Taylor et al., 1984), with 87.5% of O
in SO formed by reaction (1) coming from molecular O, and émeainder supplied by 9.

In reaction (2) the Fé resulting from reaction (1) is oxidized by O to*FdReaction (3) utilizes
the Fé* produced in reaction (2) in addition to O derived frop®Ho further oxidize the S in
pyrite to SQ?".

In total seven electrons are transferred from;fg ® 2SQ*. Taylor et al. (1984) note

the low probability of more than two electrons being tramefl in a redox reaction. This implies

reaction steps involving S species with intermediate oridatates. Granger and Warren
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(1969), Goldhaber et al. (1978), and Uyama et al. (1985) propesksgroportionation of the
thiosulfate ion as a key intermediary reaction inteyoixidation in uranium roll-front deposits.
The thiosulfate reaction is:

F&* +250:% +H,0 7 FeS +HSQ +SQ2 +H* (4)

Reaction (4) occurs as an intermediate step withinicgsc{l) and (3), and shows that oxidation
of FeS can result in a second generation of f-@8d a decrease in pH; if the pH drops below
~5.0 then marcasite will precipitate instead of pyriteld@aber et al., 1978, Reynolds and
Goldhaber, 1983; Murowchick and Barnes, 1986). Granger and Warren (i63pat the

redox reactions that produ&&?® from FeS are highly irreversible, renderirg? an inert
oxidizing agent in closed systems. Consequently, whep is@&idized by a limited amount of
O, the reduction potential of the system increases.

Pyrite oxidation by thiosulfate disproportionation ansistent with several key features
of the paragenesis: (1) The sulfur isotope fractionatidPypand formation of Pyare consistent
with a second generation of Fe-disulfide minerals fognais a product pyrite oxidation
involving thiosulfate disproportionation. (2) Precipitatoirmarcasite with Wand U is
consistent with a drop in pH resulting from thiosulfate digprtionation during the oxidation
Py, and its replacement by Fe-sudind Urn-. (3) The paragenetic trend from an oxidized
mineral assemblage to a reduced mineral assemblage igeonsith the establishment of
reducing conditions during the oxidation of pyrite by thicei@fdisproportionation. Sulfur
isotope analysis of recrystallized fault-hosted &sociated with Fe-sudoite ha@sS values of
approximately -20 to -38. Chapter 3 of this thesis) supporting the oxidation of pymjte
thiosulfate disproportionation (Goldhaber et al., 1978;rhy&t al., 1985).

Quartz corrosiorPrevious studies of hydrothermal breccia associated witbhniormity-
related uranium deposits note the quartz corrosion obsertled current study, and conclude
that the morphology of corroded quartz is consistent avithemical rather than mechanical
origin (Lorilleux et al., 2002). The nearly complete osion of detrital and euhedral quartz in
sandstone-hosted ore bodies indicates that quartz arreeives an important role in making

space for the precipitation of massive uraninite (Cuney, 2009)
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This study has shown that the quartz corrosion evenfoMaged by the formation of
the minerals F-bearing Mg-sudoite, dravite (Adlakha, 2016)r#patite, and Fe-sudoite. This
suggests that fluids involved in the formation of the oxulizeneral assemblage were F-
bearing, and that aqueous fluoride may have played anrglgartz corrosion (Mitra and
Rimstidt, 2009). Alternatively, experiments by Dove and Nix (1990w that the presence of
alkali and alkaline earth cations in hydrothermal fluids sigaiftly enhances quartz dissolution
rates. The minerals that formed after quartz corrostoain Mg or Ca, suggesting that these
cations may have enhanced quartz dissolution. Fluid inclssiahes at McArthur River by
Derome et al. (2005) indicate the presence of €a@ MgCt in fluids near the P2 fault. They
suggest the addition of Ca and Mg to fluids occurred duringaictien of basinal fluids with the
metamorphic basement. This may explain why quartz comasimost intense in sudoitized

sandstone at the unconformity and in sudoitized basemeks. roc

Comparison of fluoride- and alkaline earth cation-fat¢étibquartz dissolution rates at a
pH of ~5 shows that alkaline earth cations have a significgreater impact on dissolution rates
than fluoride, except at fluoride concentrations > 1.0 mdZkgyve and Nix, 1997; Mitra and
Rimstidt, 2009). Typical fluoride concentrations in bashraes are approximately 1x2@o
1.0x10* (White, 1963), with Fayek and Kyser (1997) using a value of ~5:9fdi0F-rich fluids
in the Athabasca Basin; at these fluoride concentraitidkaline earth cations are orders of
magnitude more effective at increasing quartz dissoluti@sratis suggests that the
incorporation of alkaline earth cations into basinal fllidang the alteration of the basement
along the P2 fault played a key role in facilitating quadzosion and making space for massive
uraninite ore bodies. This hypothesis is consistent Wwélobservations of Derome et al. (2005)
that NaCl-rich basinal fluids were modified by interantigith Mg- and Ca-bearing basement
rock. The association of corroded quartz with Mg-sudditayite, and fluorapatite alteration is
consistent with the presence of Mg- and Ca-bearing fltids.B needed to form dravite is likely
derived from evaporite beds in the Athabasca Group, awh&stent with the source of the

primary NaCl-rich fluids as proposed by Derome et al. (2005).
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2.4.2 Ore-stage Alteration

Sulfide minerald he reduced mineral assemblage formed after the sudiomizstfault-
hosted pyrite veins, and is indicative of sustained reguoonditions during ore formation. The
consistently low Cu content of Pyeins compared to the progressive Cu enrichment of sulfide
minerals in the reduced mineral assemblage shows thadheed mineral assemblage formed
from fluids distinct from those that formed P¥ is likely that Cu was sourced from red-bed
sandstone in the Manitou Falls Formation, transportesklayzing basinal fluids, and delivered
to the unconformity-P2 fault intersection where it watuced and incorporated in sulfide
minerals. Chalcopyrite has the highest Cu content aflsuthinerals, and partially replaces all
generations of Fe-sulfides at McArthur River. The pregjie increase in Cu content of sulfide
minerals from the reduced mineral assemblage suggestsimuabstipply of Cu from basinal
fluids during fluid flow events, and may serve as a praxypfotracted delivery of uraniferous
basinal fluids to the unconformity-P2 fault intersectiom, is replaced by chalcopyrite at
McArthur River. Janeczek and Ewing (1992) utilize obseovatiof chalcopyrite replacement of
uraninite at Cigar Lake to support their contention that utanimiunstable in the presence of
H.S.

The lack of petrographic evidence for significant graphistrdetion, and the
paragenetic relationship of hydrocarbon buttons after pyimnaninite (Urn) mineralization
supports the contention of Kyser et al. (1988) that graphés dot play a significant role as a
reductant in unconformity-related deposits. It is likel\Kgser et al. (1989) hypothesize, that H
derived from the radiolysis of water by Wnreacts with graphite and produces hydrocarbon
buttons such as the trace amounts observed at McArthear. Rlydrocarbon buttons may have
served a minor role as a reductant for secondary uramirgcipitation as indicated bygh

association of Uraiwith hydrocarbon buttons.

The occurrence of marcasite in the sandstone faulgg/éFigs. 2.8 and 2.9) can be used
as a constraint on the physicochemical conditions ddioimgation of the reduced mineral
assemblage between Wrend Urn. Experiments by Murowchick and Barnes (1986) determined

that marcasite forms under a restricted set of conditiath a pH < 5, temperature < 240°C, and
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in the presence of aqueous3d Preservation of marcasite over multi-million ydardascals
requires post-formation temperatures < 160°C. Pyrite fatraspH > 5. The occurrence of
euhedral Pybefore the precipitation of Urnand the inversion of marcasite to pyrite indicates a
transient drop in pH possibly related to the oxidation ofdegl the replacement of Py Urn
(Goldhaber et al., 1978; Reynolds and Goldhaber, 1983; Murowah@Barnes, 1986).

Uraninite ore bodie®Jraninite can precipitate through the oxidation of pyntée(sin et
al., 1994; Scott et al., 2007):

2FeS + UQ2" +2H0 +7Qx 7 2FE* +4SQ2 +UO, +4H' (5)

Reaction (5) represents the replacement of pyrite &yinite (UQ) through the oxidation of the
Fe?* and S in pyrite by aqueous U£', and the coupled reduction of aqueous,3@ solid
UO.. The reduction of aqueous o insoluble U* is the central component of all genetic
models for sedimentary-hosted uraninite deposits (KyseCamey, 2009). The redox behavior
of U and the association of pre- and syn-ore pyrite gnebge marcasite with uraninite in roll-
front deposits (Goldhaber et al., 1978) makes reaction|{&lg bulk reaction for the
precipitation of uraninite. Reaction (5) is consistenhwilite replacement of euhedral pyrite by

uraninite in sandstone- and basement-hosted ore bodies.

Calcium substitutes for U in the uraninite structure ufdininite analyses have Ca,
suggesting that Ca substituted for U during mineralizatidico8iis not compatible in the
uraninite structure, and the presence of Si in uranindé/ses is consistent with coffinitization
of uraninite (Janeczek and Ewing, 1992). Most uraninite araheee Si, with Si concentrations
increasing with successive generations, with the highesirSentrations in basement-hosted
uraninite. Coffinite was not observed in BSE imagergidating that coffinite replacement, if it
occurred, is at the sub-micron scale. Coffinitizatdmraninite occurs by reaction with fluids
having a high silica activity (18%103%) and low Eh (Janeczek and Ewing, 1992).

The association of galena with high-grade uraninite sugjtfest the Pb is primarily
radiogenic. Bulk rock Pb isotope data provided by Cameco fédwrtdar River supports this

conclusion, as radiogenic Pb isotopes are more abumdtha ore zone thai*Pb. The large
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ionic radius of Pb renders it incompatible in the ur@miarystal structure, enhancing diffusion
of Pb out of uraninite (Janeczek and Ewing, 1995). U-Pb is@ygiematics in uraninite show
significant Pb-loss (Alexandre et al., 2009) resulting from iticompatibility. Galena at the

Cigar Lake uranium deposit have high radiogenic Pb valuasz@ka, 2017). The absence of S

in Pb-bearing sandstone-hosted uraninite indicates tha Bbis retained in the uraninite
structure. The very low concentrations of Pb in basgthested uraninite suggests that Pb-loss
was intense in the basement, possibly related to coffihiiz of uraninite. Samples with the
lowest concentrations of Pb have high concentratioiss, ;lupporting coffinitization as a
potential mechanism for Pb-loss in sandstone- and basdrmasted uraninite. The relatively
high REE concentration of basement-hosted uraninitgpaced to sandstone-hosted uraninite

FRPSOLFDWHV WKH FRIILQLWQRGDWKR G 3.(Q@ YWH D S Hradti@\W DR @ G DI

during coffinitization (Janeczek and Ewing, 1992). It is gaeghat basement-hosted uraninite
initially had higher REE concentrations than sandstarsteldl uraninite, and despite REE-loss
during coffinitization, basement-hosted uraninite rethiredatively high REE concentrations.

Fayek and Kyser (1997) propose that alteration of dethitaidpatite in the Athabasca
Group to F-poor APS minerals, liberated F into basinal$lugshd that fluoride and phosphate
complexes were a significant means of transporting U arifl REEng the precipitation of Ugn
BUDQLXP IOXRULGH FRPSOH[HV D @k -85/&t2&000H Langmur, $978;
Janeczek and Ewing, 1992), providing an approximate value fattand oxygen fugacity in
uraniferous basinal fluids. The presence of Th in baseh@sted uraninite and its absence in
sandstone-hosted uraninite suggests that U-Th fractiomatmumred as a function of proximity
to the unconformity. Thorium has a single tetravalemdation state and readily substitutes for
U*4in uraninite. Unlike U which is easily mobilized by aqueous solutigms oxidation to f,
Th is not affected by redox processes, and is immobile uiflesgle ions are present (Finch
and Murakami, 1999; Hazen et al., 2009). Primary uraninite fofroedgranitic melts have
Th/U >0.01, uraninite formed by the reduction of aqueotishds significantly lower Th/U
(Frondel, 1958; Hazen et al., 2009). The highest Th/U value fiolsgane-hosted uraninite at
McArthur River is 0.0005, consistent with reduction of aquédtis For most analyses Th/U
could not be calculated for sandstone-hosted uraninite asridentrations are below the
detection limit. Basement-hosted uraninite has Th/U valti@€603-0.1050; with uraniret
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from MC-415 803.4 at the low end of this range, and uraninite M&w15 771.9 at the high
end of this range.

The abundance of F-bearing minerals in altered sarelsiath basement rocks near the
unconformity confirms the presence of F in basinal fluMig-sudoite associated with basement-
hosted uraninite in MC-415 771.9 has F concentrations betweer2ZP60ppm, indicating that
F-bearing fluids were present in the basement duringasitter though likely at much lower
concentrations than near the unconformity given theraiesof other F-bearing minerals.
Considering the contention of Fayek and Kyser (1997) thaagJtransported as fluoride
complexes, and the dependence on aqueous fluoride foobility it is possible that Th
remained mobile until the depletion of fluoride during suddiireof basement rocks caused Th

to precipitate along with ) into basement-hosted uraninite.

The study of APS minerals at McArthur River by Adlalkdmal Hattori (2015) describes
low Th concentrations (100-600 ppm) in APS minerals irattexation zone near the
unconformity, and relatively high Th concentrations (1000-2408)pp APS minerals
associated with the basement-hosted zone 2 ore bodsifiilar trends in Th concentrations in
uraninite and APS minerals with respect to the unconforamtybasement-hosted ore bodies
suggests that Th was mobile near the unconformity, and benanwbile because of
progressive fluid-rock interaction associated with ésgrof basinal fluids into basement-hosted

ore zones.

Core logging shows that chlorite and hematite alteratidhe basement along the
unconformity outside of the P2 fault zone is limited touppermost twenty meters. It is
possible that U was leached from U-bearing mineralstin tie sandstone and the uppermost
basement rock; with the sandstone contributing a largeuinad U given the higher hydraulic
conductivity and larger reactive volume of sandstone coedptfie uppermost unfaulted

basement rock.
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2.4.3 Genetic Model

Here we propose a new genetic model for the unconformayerceU deposit at
McArthur River. The model is generally similar to U raibmt deposits with two key
differences: The unconformity with Mg- and Ca-bearingam®rphic rocks; and the presence of
abundant fault-hosted pre-ore pyrite.

The P2 fault serves as the host for pre-ore fawdtdwbpyrite veins and enhanced fluid-
rock interactions between the sandstone and metamdrasément rocks. Far-field tectonic
events controlled fluid ingress and egress betweeratidssone and basement along the P2
fault, causing episodic alteration and mineralizatioenés. Abundant fault-hosted pyrite
provides a spatial and chemical control on redox comditad the fault-unconformity
intersection, with fluid-rock ratios decreasing with dept

lllitization of feldspar related to the emplacemenpyfite may have introduced alkaline
earth cations into fluids that dissolved quartz sandsfanoelucing vugs that euhedral quartz
subsequently grew in. The high illite and Mg-sudoite contEbtemched basement rocks
suggests that liberation of alkaline earth cations occurredgdiine alteration of metamorphic
biotite by basinal fluids. Basinal fluids enriched in alkalearth cations enhanced quartz
dissolution in sandstone and metamorphic rocks and makaug $pr massive uraninite ore

bodies.

Oxidation of fault-hosted pyrite veins occurred by meareahtermediate thiosulfate
disproportionation reaction. This increased the redugt@iantial along the P2 fault-
unconformity intersection and within the basement,iteatb the precipitation of euhedral Py
and the reduced mineral assemblage. Sulfate atidpFeduced during pyrite oxidation was
incorporated into APS minerals and Fe-sudoite respectivelyedtahPy served as the
reductant for primary and secondary uraninite mineralizakarther oxidation of Pyand Py
by thiosulfate disproportionation and uranyl reduction litetat” causing a decrease in pH and

the precipitation of marcasite rather than pyritemyidraninite mineralization. It is likely that
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episodic fluid-flow events repeated pyrite oxidation anekduction reactions for each

generation of uraninite.

Fig. 2.21 Schematic of the proposed genetic model for urammiteralization at McArthur
River.

2.5 Conclusions

We present a paragenesis and genetic model that istemisvith petrographic,
geochemical, and S isotope data. Sulfur-deficient faulteldogyrite, replacement by ¥e
bearing Fe-sudoite, and depletior?i8 are all consistent with oxidation of pyrite. The
precipitation of euhedral Rys consistent with pyrite oxidation by thiosulfatepu@portionation.
The corrosion of Pyand replacement by uraninite shows that d@nerated by thiosulfate
disproportionation served as the reductant for uranmiteralization. We show that fluid-rock

ratios decreased with depth below the unconformity, andrdnadition metals were likely
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supplied by oxidized basinal fluids. Our data show that tlseme need to invoke unknown
basement-derived reducing fluids in the genetic model. fac# interaction between basinal
fluids and metamorphic basement rocks and fault-hostet@ pgm account for the formation of

the alteration mineralogy and world-class uraninite odids at McArthur River.
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CHAPTER 3
EXTREME ABIOTIC SULFUR ISOTOPE FRACTIONATION AT THE MCARTHURIRER
URANIUM MINE, CANADA

A paper to be submitted td¢ature Geoscience

John DeDecker, Thomas Monecke, and Michael Pribil

Abstract

Investigations of S isotope fractionation can elucidla¢eprocesses involved in redox
reactions between sulfide minerals and hydrothermal fldids.association of syngenetic
sulfide minerals with uraninite makes S isotope analysa ide investigating redox reactions
during the formation of unconformity-related U deposits. Thapter reviews key observations
supporting the mineral paragenesis and pyrite oxidation. Neicollector LA-ICP-MS sulfur
isotope compositions of sulfide minerals are reported. Thétsdsave significant implications
for understanding unequivocally abiotic S isotope fractiondby thiosulfate disproportionation
in hydrothermal environments, and for the genesis of wadds unconformity-related uranium

deposits.

Introduction

The McArthur River uranium mine in the Athabasca BaSemada, hosts the largest
high-grade uranium deposit in the world. McArthur River isiaconformity-related uranium
deposit, with ore bodies located along the P2 fault zbtleeainconformity between
conglomerate and metamorphic basement rock, and up to 120wnthelanconformity in
basement rock (Fig. 3.1). In traditional unconformitytedal deposit models, uranium is
leached from U-bearing minerals in basinal sedimentaiksrocfrom basement rocks by
oxidizing meteoric groundwater. This fluid flows through rodkgha unconformity-fault
intersection where it is reduced, precipitating uraninite J.fdd forming an ore body. The
nature of the reductant is debated, with hypotheses invo&thging basement rock or

basement-derived reducing fluids. Here we report new muéitolf LA-ICP-MS sulfur isotope
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data from syngenetic sulfide minerals showing a large rahg¥S values. The results have
significant implications for verifying the occurrence bfaic S isotope fractionation in
hydrothermal environments, and for developing a genetic nfiodeforld-class unconformity-

related uranium deposits.

Fig. 3.1 Geologic map of the McArthur River uranium depositnshg general basement rock
types, faults, mineralized zones, and the location dftiries logged and sampled. The P2 fault
dips to the southeast and is hosted in graphitic rockssGections are viewed from the
southwest looking towards the northeast. The P2 fau# hosts hydrothermal alteration, pyrite
enrichment, and uranium ore bodies. Cross sections prepsingddata provided by Cameco.

Genetic models for unconformity-related and roll-froranium deposits are based on the
water solubility of the oxidized uranyl ion (U®") and insolubility of reduced UfHoeve and
Sibbald, 1978). Uranium is leached from U-bearing minerabagmnal sedimentary rocks or
from basement rocks by oxidizing meteoric basinal fluide Graniferous fluid flows through
rocks at the unconformity-fault intersection and intesadth a reductant, precipitating uraninite
(UOy) from solution and forming an ore boflyoeve and Sibbald, 1978). The nature of the
reductant is unknowfMercadier et al., 2010; Adlakha and Hattori, 2015), with hypethes
invoking reducing basement rock or basement-derived reducidg f[Hoeve and Sibbald,

1978; Wilson and Kyser, 1987). Here we propose a new genetic foottet formation of
unconformity-related uranium deposits, and present new sstftoge data that supports pyrite

playing a key role in deposit formation.
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In some uranium roll-front deposits, sulfide-oxidizing leaiet oxidize pre-ore pyrite
producing aqueous sulfate. The sulfate is transported into kdudes where sulfate-reducing
bacteria associated with organic material or abioticgsses produce the sulfide that ultimately
reduces uranium and forms an ore b@sanger et al, 1969; Goldhaber et al., 1978). These
authors contend that abosulfate-sulfide redox reactions occur in U roll-fronpdsits, but
they cannot definitively rule out biological mechanismsegithe shallow low-temperature
environment. Extreme S isotope fractionation has besereéd in sulfide minerals at the Dry
Creek VMS deposit in Alaska, however this fractionation prasiuced by bacterial sulfate
reduction and occurred below 100°C (Slack et al., 2019). Thaatstd temperature during the
formation of unconformity-related uranium deposits inAltigabasca Basin is 180-230°C (Pagel
et al, 1980). The maximum survivable temperature for hyperthgnitic bacteria is 121°C
(Kashefi and Lovely, 2003; Takai et al., 2008), well below thgperature during ore formation
at McArthur River, therefore bacterially facilitatedr&ctionation can be eliminated as a

possibility in syngenetic minerals at McArthur River.

Investigations of sulfur isotope fractionation in S-baguminerals over the paragenesis
of a deposit can be used constrain relative temporabelsan temperature, pH, and oxygen
fugacity of ore-forming systems(Ohmoto, 1972; Goldhaber e1@r8; Ohmoto and Lasaga,
1982). The importance of redox reactions in the formaifaimconformity-related U deposits,
makes S isotope analysis invaluable for understanding theieasian redox conditions

responsible for precipitation and remobilization of uraaiore.

3.1 Methods

In situ measurements of the sulfur isotopic compositfmullide and sulfarsenide
minerals were conducted at the U.S. Geological Survey in De@Gwéorado, using a Nu
Instruments laser ablation-multicollector-inductivebupled plasma-mass spectrometer (MC-
LA-ICP-MS). A detailed description of the analytical protasajiven by Pribil et al. (2015).
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To monitor for instrumental drift of the MCA-ICP-MS, an in-house ZnS glass
reference material was analyzed after each batchred timnknown samples. TH&*Ssyisde
isotopic composition for this in-house reference mdtesges previously established at the U.S.
Stable Isotope Laboratory using conventional isotopic analggidoging a Delta Plus XP
Thermofinnigan continuous flow isotopic ratio mass speattemwith an attached CE Elantech
Flash2000 elemental analyzer that was operated at 1,030°C untiaucas He flow following
the procedures of Giesemann et al. (1994) and Carmody(£988). The isotopic composition
of the in-house reference materi&@'Ssuiice = 0.78A) was additionally tested against NIST RM
8554 (IAEA S-1) by MCLA-ICP-MS for homogeneity. Three NIST reference make(l@M
8556, RM 8529, and RM 8554), together with a set of previously cheractgyrite materials,
were then analyzed by MCA-ICP-MS to construct thé®*Ssuriqe calibration curve.

Ablation of the sulfide minerals was conducted using a New \WRagearch UP 213 nm
Nd:YAG solid state laser. Spot sizes of ~15 toRB®were used. The laser energy ranged from
1.5 to 2.5 J/c The ablated sample material was carried to the mass@meter through a gas
mixing chamber using ultra-high purity He with a flow rate gfZ0Oml/min and a make-up Ar gas
flow rate of 0.90 ml/min. Repeated analysis of referencemadd shows that the instrumental
precision was +0.38 (2 V). In total, 195 spots on 11 representative samples were adalyz

(Table 1). All analyses were normalized to the Vienna C@nahblo Troilite (VCDT) standard.

3.2 Mineral Paragenesis and Proposed Genetic Model

Optical microscopy, SEM and EMP analysis, and CL imggvere used to identify the
paragenetic relationships summarized in Figure 3.2, and dexvéigpothetical genetic model
for the McArthur River uranium deposit. The general panatie trend in metamorphic rocks
and the sandstone consists of pre-oxidation mineratsxidized mineral assemblage, followed
by a reduced mineral assemblage including uraninite, and |dtenede-phosphate alteration.
Figure 3.3 shows the evidence for corrosion of fault-hostated¥Py1) and replacement with
Fe-sudoite, the corrosion of euhedral pyrite {Fts replacement by uraninite (Urs), the
association of marcasite (Mjowith primary uraninite (Ury), and the association of

hydrocarbon buttons (HCB) with a second generation of re@ec@Mre).
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Based on this paragenesis, we propose the following genetiel for the formation of
the unconformity-related U deposit at McArthur River. TRef&ult served as the host for pre-
ore fault-hosted pyrite veins and enhanced fluid-rock acterns between the sandstone and
metamorphic basement rocks. Far-field tectonic eventsatteat fluid ingress and egress
between the sandstone and basement along the PZ#uding episodic alteration and
mineralization events. Abundant fault-hosted pyrite provadsgatial and chemical control on
redox conditions at the fault-unconformity intersectiath fluid-rock ratios decreasing with
depth along the fault. Oxidation of fault-hosted pyrite véikedy occurred by thiosulfat
disproportionation. This is consistent with the preaiin of euhedral Pyfollowing the
oxidation of Py. Sulfate and F& produced during pyrite oxidation was incorporated into stilfat
minerals and Fe-sudoite respectively. Euhedraldeéyed as the reductant for uraninite
mineralization. Further oxidation of Pgnd Py by thiosulfate disproportionation and uranyl
reduction liberated Hcausing a decrease in pH and the precipitation of maeahgiing
uraninite mineralization. It is likely that episodic fluidw events repeated pyrite oxidation and
U reduction reactions for each generation of uraninite. § isotope investigations presented

here aim to test the validity of this genetic model.

3.3 Sulfur Isotope Fractionation
Figure 3.4 present®'S for fault-hosted pyrite and sulfide minerals in theéuced
mineral assemblage. The dataset presented in Figure@avided in Appendix 1 supplemental
electronic file: McArthur_River_S_isotope_data.xIsx. Unaltdeadt-hosted Pyveins have&'S
values ranging from 0-1& ) DX@taH Pyveins that are corroded and replaced by Fe-sudoite
have two sets of¥'S values, one set ranges from -21.6t0 -84.8DQG WKH RWKHU VHW UI
WR A . Q V-BbIR-3 680.5(k8e negative values are exclusively within the corroded
pyrite vein and the positive values are exclusively wiettirovergrowth of euhedral pyrite that

occurred after corrosion of the Pyein.
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Fig. 3.2 Paragenetic sequence of alteration minerals atthloARiver U deposit.
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Fig. 3.3. Petrography of sulfur-bearing minerals at McArthweRA. Reflected light image of
sample MC 410-2 658.1 showing unaltered pyrite veing)(Rgsociated illitization,
metamorphic rutile inclusions in Byand absence of sudoite alteratiBnBSE image of sample
MC-411 632.0 showing Fe-sudoite replacing.”; BSE image of sample MC-411-1 660.5
showing Fe-sudoite (Fe-st)deplacing recrystallized Ryand overgrowth of euhedral £ogn
Py.. D. Reflected light image of sample MC-408 617.2 showing, &ind Fe-sugreplacing
euhedral Py Urm rimming Urrp, and Ura with chalcopyrite embayed into WrE. Reflected
light image of sample MC-410-1 611.5 with complete replacenfeait pre-ore minerals by
Urn:. Mrcz occurs filling vugs in Urp and as inclusions the outer zones ofiUF Reflected
light image of sample MC-408 615.5 showing association betiveenand HCB.
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Fig. 3.4. Plot of&'S A values for fault-hosted Pyand minerals from the reduced mineral
assemblage at McArthur River uranium mine. The paragesetigence is arranged from top to
bottom, with fault-hosted pyrite (Pyarranged by decreasing depth from the surfdodoitized
fault-hosted pyrite vein@IC-411-1 660.5 m and MC-410-1 598.2 hgve a set of variably

positive &'S values, and a set d&'S values less than -28.

Euhedral Pyassociated with sandstone- and basement-hosted urdmasingeé®'s that
cluster between 5.62 and 9.A0 0D U F D V L) \AsBbcidtétRvith sandstone-hosted;Wias
slightly more positive&'S than Pyranging from 8.55t0 1458 $QDO\VHV R-host&dQ GVWR Q
hydrocarbon buttons (HCB) by EDS indicate the presencelaii&ver given the amorphous
nature of HCB it is unknown in what form S occurs in HO®B/0 S isotope analyses were
acquired for HCB and havé&'S of 16.17 and 16.34&. Cobaltite associated with sandstone-
hosted uraninite havé&'S that range from -0.41 to 9.20 The second generation of sandstone-
hosted marcasite (Mgchas strong Cu zonation, unlike Mrand has a broad range éfS from
-11.91 to 30.68 Q H J D&% torresponds to Cu-rich zones, and positts to Cu-poor
zones. Chalcopyrite that typically occurs as a reptant of Py;and Mre have &'S that range
from -2.15t0 4.9 8 Q D O W HHosted Pyhas @aalr stoichiometric S/Fe values of ~2.0
whereas Fe-sudoite alteredi Ry S deficient (Fig. 5).
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Fig. 3.5 Box plot of S/Fe ratios determined by electronapi@be analysis of fault-hosted
pyrite.

3.4 Implications for the Genetic Model
Pyrite oxidation by hydrothermal fluids is a multi-stepat®on summarized by the
following reactions (Granger and Warren, 1969; Goldhabal.,€1978; Taylor et al., 1984; Scott
et al., 2007; Chandra and Gerson, 2010)-7, 15-17:
FeS+7/20+H,0 7 Fe*+2SQ2 +2H" (1)

F&* +1/4Q +H' 7 F& + 1/2H0 (2)

FeS + 14Fé* +8H,0 7 15F&* +2SQ?% + 16H (3)
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In reaction (1) & in pyrite (Fe$9) is oxidized to S& by O and Fe remains reduced. In reaction
(2) the Fé" resulting from reaction (1) is oxidized by O to*FdReaction (3) utilizes the Fe
produced in reaction (2) in addition to O derived frop®Ho further oxidize the & in pyrite to
SO/, In total seven electrons are transferred fromytg ® 2SQ?. Taylor et al® note the low
probability of more than two electrons being transferredhduaisingle redox reaction. This
implies reactions involving sulfur in intermediate oxidatgates. Granger and Wari@®69)
Goldhaber et al (1978), and Uyama et al. (1985) propose tfatesdisproportionation as a key
intermediary reaction in pyrite oxidation in uraniunti-foont deposits:

Fe* +2505> +H,0 7 FeS + HSQ + SQ2 + H (4)

Reaction (4) is an intermediate step within reactionsu(tl)(3), and shows that oxidation of
FeS can produce a second generation of.Fafsd a decrease in p{€handra and Gerson); if the
pH drops below ~5.0 then marcasite will precipitate insteguyate (Granger and Warren,
1969; Goldhaber et al., 1978; Reynolds and Goldhaber, 1983; Murowchi&laames, 1986)
Granger and Warren (1969) note that reactions producing 8@n FeS are irreversible,
rendering SG¥ an inert oxidizingagent. Consequently, wh&eS is oxidized by a limited

amount of O, the reduction potential of the system ineeas

Abiotic S isotope fractionation is mediated by inorgaihiernical reactions between S
species of variable oxidation states (Granger and WalB8#9; Uyama et al., 1985). Ohmoto
(1972) determined that temperature, pH, oxygen fugacity, iomngth, amount of sulfur, and
initial S isotopic composition are the most significeantrols S isotope fractionation between S-
bearing minerals and hydrothermal fluids. Abiotic sulfide-$alf@adox reactions can cause small
to significant fractionation of S isotopes depending on xtené and type of redox reactio
(Uyama et al., 1985; Rye et al., 1992).

Kinetic effects on isotope fractionation from thiostéfdisproportionation account for ~
A ITJUDFWLRQDWLRQ EHWZHHQ SYUyBrbalkt ab, QIB5) HafgR Gaive\ VX O
&'s fractionation occurs when the extent thiosulfate disptageation is small, with the®'S
values of secondary sulfide minerals trending towardsetlod primary sulfide minerals with

increasing thiosulfate disproportionation. Goldhaber €t18[78) reported isotope fractionations
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deposit in south Texas. Uyama et al. (1985) contend thhatlaxge isotopic fractionations occur

when intramolecular isotopic exchange reactions inulf@e-thiosulfate-sulfate system reach

equilibrium. The sulfide-thiosulfate-sulfate isotopickange reactions described by Ohmoto

and Lasaga (1982) are:
H32SQy + H**S + H'/° H**S-32S0; + H0 (5)

Hz0 + H*S3S0s 7 HS34S0x(6)

Hz0 + H22S34S0s/° H* + HA¥%S + H*SOr (7)

Pyrite oxidation by thiosulfate disproportionation imsstent with several key features of the
paragenesis: (1) The corrosion of.RRynd precipitation of Pyare consistent with a second

generation of pyrite forming as a product of thiosulfate digprtionation. (2) Precipitation of
marcasite with Urnis consistent with a drop in pH (Murowchick and Barnes, 188§)lting

from thiosulfate disproportionation during the oxidatadPy. and its replacement by Fe-sud

and Urn. (3) The paragenetic trend from an oxidized mineralnalSkEge to a reduced mineral
assemblage is consistent with the establishment of reglaomditions during the oxidation of

pyrite by thiosulfate disproportionation. Sulfur isotopelgsis of corroded fault-hosted Py

associated with Fe-sudoite ha®S values of approximately -20t0 -85 VXSSRUWLQJ WKH
oxidation of pyrite by thiosulfate disproportionation (Goldéiet al., 1978; Uyama et al., 1985).

The large positive®'S values of Mrg (i.e. greater than the range of ~OA0IRX QG LQ
fault-hosted Py are typical of sulfide minerals formed through therheuical sulfate
reduction (TSR) (Seal, 1992). TSR abiotically reduces sulfgtthe following reaction (Yuan et

al., 2013):

SQ? +2H" +CHs 7 CO; +H2S +2H0 (8)
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TSR occurs at temperatures between 125-250 °C (Seal, 1992; YalaRGHt3) with the reaction
rate increasing in the presence @BHas a catalyst (Zhang et al., 2008). Of the sample=cted,
Mrc2 is exclusive to samples with HCB, suggesting that TSR isnd@hanism for precipitating
marcasite with&'S values of 11.47-30.60 .\V H U. (#989)p©pose that HCB are formed
when H generated during radiolysis of water reduces graphite towtith then polymerizes
and condenses onto clay minerals as HCB. This mechanisnmriangpHCB is consistent with
their occurrence in the paragenesis after the preagitat Urn.. We propose that 13
generated during oxidation of fault-hosted Bgd euhedral Byy thiosulfate disproportionation
catalyzed TSR of basin&iQ> by CH.. The formation of marcasite requires a pH <5, low
enough to inhibit the precipitation of carbonate mingatsickenmiller and Maroto-Valer,
2005) commonly produced by TSR reactions (Rye et al., 1992)

Uraninite can precipitate through the oxidation of pyfWersin et al., 1994; Scott et al.
2007):

2FeS + UQ?" +2H,0 +7Qy 7 2F€* +4SQ2 +UQO, +4H' (9)

Reaction (9) represents the replacement of pyrite &yinite (UQ) through the oxidation of the
Fe& and S%in pyrite by aqueous U£Y, and the coupled reduction of aqueoustJ® solid
UOz. Reaction (9) is consistent with the replacememrtudiedral pyrite by uraninite in

sandstone- and basement-hosted ore bodies.

The sulfur deficiency, and Fe-sudoite replacement obded Pyare all consistent with
oxidation of pyrite (Wersin et al., 1994). These obs@wuatcombined with the paragenetic trend
in abiotic S isotope fractionation provide strong evidencehfe key role pyrite plays in the

formation of world-class unconformity-related U deposiish as McArthur River.

3.5 Conclusions

The paragenesis and sulfur isotope data reported abogeraistent with the
precipitation of euhedral Rys a product of the oxidation of Fyy thiosulfate

disproportionation. The precipitation of Mreith Urn; was caused by a decrease in pH resulting
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from oxidation of Pyduring ore formation. Mrcformed by TSR of basin@Qs? catalyzed by
H>S produced during thiosulfate disproportionation of fand CH generated by radiolytic H
alteration of graphite. We have described key reactiachar@sms that are consistent with
paragenetic observations, and support the hypothesis shagle basin-derived fluid interacting
with fault-hosted pyrite can account for the establishmé&reducing conditions at the
unconformity and the formation of world-class U ore badiégss study also confirms the
occurrence of unequivocally abiotic reactions that prodarge I&'S fractionation in natural

hydrothermal environments.
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CHAPTER 4

THE FOX LAKE UNCONFORMITY-RELATED URANIUM DEPOSIT, ATHABASCA
BASIN: PARAGENESIS OF ALTERATION MINERALS AND POSSIBLE
IMPLICATIONS TO ORE DEPOSITION

A paper to be submitted tineralium Deposita

John DeDecker and Thomas Monecke

Abstract

The Fox Lake uranium deposit is a complex-type unconfgfrelated uranium deposit
in the eastern Athabasca Basin, Canada. The miretializs located along the C-10 fault zone
at the unconformity between the basal conglomerateedifanitou Falls Formation and

metamorphic basement rock.

This study included extensive drill core logging to study subideurrence and
hydrothermal alteration within the C-10 fault zone surchiog intersections with high-grade
uranium mineralization. In addition to core logging, systérstmpling was performed. Bulk
major and trace element geochemical and XRD analysespedoemed to complement core
logging. Thin sections were studied by optical and scanning electimoscopy, and electron
microprobe analysis to establish the paragenesis. Thenpstgdy is the first scientific
investigation of the Fox Lake deposit, and summarizedikdings that constrain the
paragenesis and alteration mineralogy of sandstone aathoghic basement rocks. The
research shows that the large amount of pyrite ocguimisandstone above the C-10 fault, and
remnants of Fe-vaesite immediately below the unconfgrmimed prior to uranium
mineralization, and were subsequently oxidized and replaced hydeées The evidence
suggests that the reaction of oxidized basinal brine wittopresulfides resulted in the reduction
of the basinal brine, facilitating U precipitation. Itpsposed here that this process is ultimately

responsible for deposit formation.

86



Introduction

The Fox Lake uranium deposit is an unconformity-related umadieposit in the eastern
Athabasca Basin, Canada. Ore bodies are located &lerigr10 fault zone at the unconformity
between the basal conglomerate of the Manitou Fallswéwn and metamorphic basement
rock. Fox Lake has inferred resources of 386,700 tons witvenage grade of 7.99%z0s

equivalent (Cameco, 2015).

Genetic models for unconformity-related uranium deposédased on the water
solubility of the oxidized uranyl ion (U and insolubility of reduced UOQUranium is
leached from U-bearing detrital minerals in basinal sedtiemg rocks, or from uranium-bearing
minerals in the metamorphic basement by oxidizing meteaviengiwater. The uraniferous
water flows through rocks at the unconformity and interatits a reductant, precipitating
uraninite (UQ) from solution and forming an ore body (Hoeve and Sibld&d8). The nature of
the reductant is unknown (Mercadier et al., 2010; AdlakigaHattori, 2015), with hypothese
invoking reducing basement rock (Hoeve and Sibbald, 1978) omkaselerived reducing
fluids (Wilson and Kyser, 1987).

This study included extensive drill core logging to study subbideurrence and
hydrothermal alteration within the C-10 fault zone surchog intersections with high-grade
uranium ore bodies. In addition to core logging, systensaticpling was performed. Bulk major
and trace element geochemical and XRD analyses were peddaoncomplement core logging.
Thin sections were studied by optical and scanning electicnosnopy, and electron
microprobe analysis to establish the paragenesis. Thenpstady is the first scientific
investigation of the Fox Lake U deposit, and summarizedikdings that constrain the
paragenesis and alteration mineralogy of sandstone aagnowghic basement rocks. The
research shows that the large amount of pyrite occuimisandstone above the C-10 fault, and
remnants of Fe-vaesite immediately below the unconfgrimimed prior to mineralization, and
were subsequently oxidized and replaced by Fe-sudoite. Thggthic evidence suggests that
this reaction with pre-ore sulfides resulted in the redoof basinal fluids, facilitating U

precipitation. It is proposed here that this proces#iimately responsible for deposit formation.
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4.1 Geological Background

4.1.1 Athabasca Basin

The Athabasca Basin is located in northern Saskatome@anada (Fig. 4.1). The basin is
Paleoproterozoic in age, with a maximum age of ca. 1700-12@d4val with the post-
orogenic uplift of the ca. 1800 Ma Trans-Hudson orogen to tl€Aasesley et al., 2005). The
1900 Ma Talston orogen is located to the northwest of thabatdca Basin. The basin is divided
into three sub-basins that trend NE-SW, and overlieBIER&W striking suture between the
Hearn and Rae tectonic provinces. The highest-grade uraniursitdepecluding McArthur
River, are located at the transition between the Mikdgand Wollaston Domains of the Hearne
tectonic province (Kyser and Cuney, 2009).

Estimates of basin depth during late diagenesis andrpraleration have been obtained
by fluid inclusion analysis of euhedral quartz veins awergrowths in sandstone near the
unconformity by Pagel et al. (1980) and Derome et al. (2005). Bagkl(1980) reported a
minimum pressure of entrapment of ~700 bars at 160° C obBtasieg the homogenization
temperature and the temperature of dissolution of Halitiquid+vapor+halite fluid inclusions.
Derome et al. (2005) utilized homogenization temperatureasat@stimates of likely thermal
gradients to derive a range of entrapment temperaturgeesslires between 190-235°C and
1200-1400 bars. Assuming the sedimentary overburden has a adr&syg/cnd, the pressure

estimates of Derome et al. (2005) translate to basin depthk§ &m.

Derome et al. (2005) investigated the compositions of fihdhlisions in quartz
overgrowths on detrital quartz and euhedral quartz veing. idlkeatified an early NaCl-rich
fluid, interpreted as a primary formation fluid derivedrh evaporite beds; and a later Ca-
MgClz-rich fluid produced by interaction of the NaCl-rich flmicth metamorphic basement

rock.
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Fig. 4.1 Geologic map of the Athabasca Basin with looat@f terranes, major structures, and
uranium deposits (after Slimmon and Pana, 2010). MF=Manitds! Faimation, LZ=Lazenby
Lake Formation, W=Wolverine Point Formation, LL=Locketke Formation, O=Otherside
Formation, and FP=Fairpoint Formation.

Sedimentary Rockihe Athabasca Basin is filled with sedimentary rockihef
Athabasca Group (Alexandre et al., 2006; Hiatt and Kyser, 200&)M&nitou Falls Formation
comprises the lowermost portion of the Athabasca Grawugb,is the only formation in the
Athabasca Group that occurs at Fox Lake in present tihmesManitou Falls Formation is
composed of a basal quartz-pebble to quartz-cobble conglon@retkin by mature quartz
sandstone with sparse thin beds of quartz pebbles. The soakseof the lower Manitou Fall
Formation are believed to be paleo-topographic highs compo$ed@ient rock, represented
by basal conglomerate rocks, and successively more ghistatoid rocks derived from the east
represented by mature quartz sandstone. Formation othlada@sca Basin occurred ca. 1680-
1750 Ma (Annesley et al., 2005).

The basal conglomerate of the Manitou Falls Formasiovariably hematized, indicating

that oxidizing fluids once flowed through the permeable lovestpart of the basin fill. Detrital
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zircon, monazite, and fluorapatite are common withirrtgugrains, but are rarely found in
interstices between quartz grains, suggesting dissolutihresé uranium-bearing minerals by
basinal fluids. Dissolution of these U-bearing minebgl®xidizing basinal brines is considered
the most likely source for uranium in unconformity-retatkeposits (Fayek and Kyser, 1997;
Kyser and Cuney, 2009).

Basement Rockihe Wollaston Domain is a fold thrust belt fault boundethéowest by
the Mudjatik Domain (Annesley et al., 2005; Alexandre et al., 2P@rcadier et al., 2010). The
largest uranium deposits in the Athabasca Basin, includinytidar River, Cigar Lake, and Fox
Lake, occur at the transition between these domainsWidiaston Domain comprises
amphibolite to lower granulite facies pelitic and almandiearing calcsilicate gneisses,
anatectic pegmatite, and quartzite that reached peak owaism P-T conditions of
approximately 800 °C and 800 MPa ca. 1800-1840 Ma during the Trans-HDdsgeny.
Unroofing of the basement initiated ca. 1814 Ma, and readabd@&b50°C and 200-250 MPa ca.
1720 Ma (Annesley et al., 2005; Mercadier et al., 2010). Theguelcks contain weakly to
strongly graphitic units that serve as the primary farsbre-related faults. Wollaston Domain
metasedimentary rocks are unconformably underlain by Anctpesnitoid gneiss. The Fox Lake

and Cigar Lake deposits are associated with intenselgalieylonitic zones.

Carbon isotope investigations of graphite and hydrocarboortsudtt the Key Lake
uranium deposit by Kyser et al. (1989) show no significant isofogutionation, leading to the
contention that graphite did not play a major role is redoatf uranium, but rather served as a

structural control on the location of faults thatudsed fluid flow.

4.1.2 Comparison of Ore Bodies at Fox Lake With Those at Cigar Lake and dArthur
River

The Cigar Lake unconformity-related uranium deposit isiered an analog to the Fox
Lake deposit. Similarities between Fox Lake and Cigar LBkengton, 1987), and key

differences with the McArthur River deposit are consedebelow.
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The Fox Lake uranium deposit is in the eastern AthabBasin, approximately 10 km
due west of McArthur River (Fig. 4.1). The location of tieposit is controlled by the
intersection of the east-west trending C-10 strike-slig fud the unconformity between the
Manitou Falls a member of the Athabasca Group, and pekgiamorphic basement rock (Fig.
4.2). In the eastern Athabasca basin the northeaslingefaults typically show post-Athabasca
dip-slip reverse displacement (e.g. McArthur Riverd #me generally E-W (e.g. Cigar Lake) and
ENE (e.g. C-10) faults appear to indicate post-Athabaska-slip displacement. The key
features of the strike-slip model for Fox Lake and Cig&elare the E-W orientation, the lack of
post-Athabasca vertical offset at the unconformityeothan a positive flower structure, the
limited depth extent of the mineralization, and the polyretalineralization. The Fox Lake
and Cigar Lake deposits are both associated with intengsigcdamylonitic zones in the
basement. Mylonite at Fox Lake is silicified unlike at Cigaké. The McArthur River deposit is

not associated with mylonite.

Unconformity-related uranium ore bodies in the Athahdasin are classified as either
simple or complex based on their mineralogy (Fayek arseKy997; Kyser and Cuney, 2009).
Simple ore bodies are generally greater than 50 m belwrtonformity in the basement, and
consist of relatively pure uraninite, whereas complex othels are sandstone-hosted and
contain sulfide and Co-Ni sulfarsenide minerals in additiouraninite. Ore bodies at Fox Lake
and Cigar Lake are of the complex type, and both defusits perched uranium lenses greater
than 100 m above the unconformity (Bruneton, 1987). McAriver has sandstone and

basement-hosted ore bodies both of the simple &ypkno perched uranium.

4.1.3 Paragenesis

Previous workers have developed paragenetic sequencesromuaeposits in the
Athabasca Group and basement rocks for the Athabasoa(Baszer and Kyser, 1995; Fayek
and Kyser, 1997; Alexandre et al., 2007; Kyser and Cuney, 2009; Ng2213), and for
McArthur River specifically (Derome et al., 2005). Alteratievents common to previous
parageneses include: 1) late diagenetic quartz overgrowth$eritatite on detrital quartz clasts;
2) pre-ore hydrothermal alteration dominated by illitizatiofeddspar beginning ca. 1670 Ma;

3) primary uraninite ore formation ca. 1590 Ma, accompaniedlfiyes and Co-Ni sulfarsenide
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minerals; and 4) post-ore alteration events typified Ioparzate minerals and low-temperature
remobilization and subsequent precipitation of secondanjumeminerals.

4.2 Methods

4.2.1 Core Logging and Sampling

Field work performed at Fox Lake consisted of drill cogglag and the collection of
representative samples for laboratory investigationdl. isdes REA-165, REA-165-1, and
REA-165-3 were logged from the sandstone above the uncotyothtough the ore body,
chlorite breccia below the ore body, the C-10 fault zaftered rock below the C-10 fault, and
fresh rock deeper in the basement (Fig. 4.2). A perched anateposit ~120 m above the
unconformity was logged over a 15 meter interval REA-165. Qpatible conglomerate above
the unconformity and chlorite breccia immediately belogvuhconformity were logged over a
35 m interval in drill hole REA-144.

Core logging consisted of identifying major minerals, deswgilbock type and fabric,
noting alteration styles and bleaching with their relaititensity, and measuring depths of fault
zones. Representative samples of altered and unaleggdesntary and basement rock were
collected. Emphasis was placed on selecting fresredlt ore-bearing, and sulfide-bearing
samples for petrographic, XRD, and trace element investigatill samples were labelled

using the drill hole identification and depth interval.

4.2.2 Whole Rock Compositional Analysis
Cameco provided existing geochemical analyses for fiftiiteigajor and trace elements
for each drill hole logged. SRC Geoanalytical Laboratorie®peed the bulk compositional

analyses.

Major and trace element concentrations in baseamhsandstone samples were

determined by inductively coupled plasma-mass spectrom&@B¢iMS). Partial digestion of an
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aliquot of pulped sample in an ultra-pure mixture of nitnd aydrochloric acids in a hot water
bath, followed by dilution in deionized water, was used forathedysis of As, Ge, Hg, Sb, Se,
and Te. Total digestion of an aliquot of pulped samplecoreentrated mixture of ultra-pure
hydrofluoric, nitric, and perchloric acids was used for ICB-dh the remainder of the elements

analyzed.

Carbon and sulfur concentrations were determined by gstinig an aliquot of pulped
sample in a LECO induction furnace with an oxygen supgig. @ercentage of carbon and sulfur
were determined from the instrument calibration. Inorgearbon content was determined by
combustion of an aliquot of pulped sample in a LECO indudtiomace with an argon supply.
Organic carbon content was determined by subtracting thgainic carbon content from the

total carbon content.

Boron concentrations were determined by fusing an aliquotlped sample in a mixture
of Na& and NaC@), dissolving the fused melt in deionized water, and analyhegample
solution by ICP-OES.

4.2.3 Optical Petrography and SEM Investigations

One-hundred-thirty polished thin sections of core sanwés prepared for petrographic
and microanalytical analysis. The samples examined rejressninite ore, sandstone proximal
to the ore bodies, and basement rocks within and surroun@ing-10 fault zone. Reflected and
transmitted light petrography was used to identify and dessuilide mineral morphologies,
identify optically discernible zonation in sulfide minexadelect regions of interest for further

microanalytical studies, and to establish the mineralgesesis.

Back-scattered electron imaging and energy dispersikaeyX$pectroscopy (EDXS) were
performed on a Tescan MIRA3 field emission scanning electiicroscope with a Bruker
XFlash 6130 energy dispersive X-ray spectrometer. BSE imagidK-ray spectroscopy were
performed with an accelerating voltages of 15 kV, a beametier of 5.0 nm, and a working

distance of 10.0 mm.
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Fig. 4.2 Map of basement geology at the unconformity, amskesections showing the locations
of the drill cores logged.

BSE imaging was used to identify compositional variatiomaéen different types of
sulfide and uranium minerals, and compositional zonatiomnvyrite grains and veins. These
data were used to refine optically determined paragenetioredhips, and to select samples for
electron microprobe analysis. Mineral abbreviations useetirography figures and parageneses

are from Whitney and Evans (2010).
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4.2.4 Cathodoluminescence Investigations

Optical cathodoluminescence (CL) imaging was performecompkes containing
hydrothermal fluorapatite, hydrothermal quartz, and quaridssane-hosted uraninite to identify
CL-active compositional zonation in quartz and fluorapatiistinguish hydrothermal fro
metamorphic quartz, and to evaluate the amount radiatioagkam detrital quartz associated

with uraninite.

A HC5-LM hot cathode CL microscope by Lumic Special Mg&gopes, Germany, was
used, permitting examination of thin sections under eledioombardment in a modified
Olympus BXFM-S optical microscope. The microscope was ogebitan accelerating voltage
of 14 kV with a current density of ~10 pA mniNeuser, 1995). CL images were captured using
a high sensitivity, double-stage Peltier cooled Kappa DX400 €&nera, acquisition times
ranged from 8 to 10 seconds.

4.2.5 Electron Microprobe Analysis

Quantitative chlorite compositions were acquired witXA-8230 Electron Probe
Microanalyzer at the University of Colorado, Boulder ngsa 2 um spot size, 15 kV
accelerating voltage, and a beam current of 10 nA. Spotsclvesen to avoid cracks, porosity,
and compositional heterogeneities ~2 times the sizesdhtlraction volume. Compositions
were obtained for chlorite associated with uraninite imatety above and below the
unconformity, chlorite breccia below the unconformity, @40 fault zone, the C-10 alteration
zone, and rock below the C-10 alteration zon&lX<ray lines were measured for Si, Al, Mg, Fe,
K, Ti, V, Cr, Mn, Zn, F, and CI. The following Astimexiierals standards were used: Albite
(Si), labradorite (Al), diopside (Mg), almandine NY (Fethoclase (K), rutile (Ti), chromite
(Cr), rhodonite (Mn), sphalerite (Zn), topaz (F), anddpde (Cl). An Astimex metals standard

was used for V. Matrix corrections were calculated usingdaleZAF software.
Quantitative sulfide and sulfarsenide mineral compositions wequired with a JEOL

8900 electron probe microanalyzer at the U.S. Geological gubanver, CO., usinga 1 um

spot size, 20 kV accelerating voltage, and a bean curr@®mA. KUX-ray lines were
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measured for Fe, Cu, Ni, Co, and QUlines were measured for As and Mo. The following
USGS Denver Microbeam Laboratory standards were used: Fe STD_NUM 426,
STD_NUM_429, Ni STD_NUM_428, Co STD_NUM_427, S STD_NUM_417, As
STD_NUM_434, and Mo STD_NUM_443. Spot locations were chosen to acquire
representative analyses from the cores to edges of Ma&3de veins, euhedral pyrite, euhedral
Ni-pyrite, chalcopyrite, gersdorffite, and galena. Matrikections were calculated using the
CalcZAF software.

Uraninite, coffinite, and zircon analyses were acquire the same instrument and
conditions as sulfide and sulfarsenide minerals excegiem current was 50 n& Ulines
were measured for Si, Ti, Al, V, Cr, Sc, Fe, Co, Cand,% LUlines were measured for Zr, Hf,

Y, Sm, Er, and Ba. Mllines were measured for U, Pb, Th, and W.

4.3 Results

4.3.1 Core Logs

Rocks at Fox Lake can be classified into lithologic grcagssed on their stratigraphy,
macroscopically observable mineralogy and alteration,saylé whole rock composition. These
groups are: perched uranium deposits in sandstone ~120 m abavetnformity, uranium
deposits at the unconformity, chlorite breccia immedjabelow the unconformity, rocks in the
C-10 fault and C-10 alteration zones, and unaltered bageoek below the C-10 alteration
zone. Optical and scanning electron microscopy supportldssification. Core logs including
lithology, alteration style, intensity of bleaching, amndkocompositional data correlated with
drill hole depth are provided in Figure 4.3. Bulk compositionad daed in core logs are
provided in Tables 4.1-3.

Macroscopic observatioriBhe following is a summary of macroscopic observations

obtained during systematic core logging.
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Sandstone tens of meters above the unconformity-dedaieezone is composed of mature
detrital quartz sand grains with centimeter scale bedsartz pebble conglomerate. The
sandstone is variably hematized and cut by hematite-bearindratieartz veins. Pyrite
commonly coats euhedral quartz crystals. Less than tersrabove the unconformity porosity
in the sandstone is filled with sooty to massive pyriteng the rock a grey to black color.
Hydrocarbon buttons are disseminated in chlorite-rich benide upper part of the ore-zone.
Secondary pink erythrite blooms are common in rock tijih abundances of sulfide minerals.
Sandstone within two meters of the unconformity is irggnshloritized, contains sparse
remnant quartz pebbles, and is intensely radioactive dihe faresence of abundant uraninite
disseminated throughout the rock. The unconformity is timdisbecause of the intensity of
guartz destruction in both sedimentary and metamorphenierst rocks. The deepest occurrence

of remnant quartz pebbles was used as an indicator @fd&igon of the unconformity.

Thin lenses of perched uranium minerals occur approxima@®ym above the
unconformity. Uraniferous intervals are characterized iaple sandstone with intense
bleaching, sooty pyrite, lack of hematite, and weak radiogctNon-uraniferous rock

surrounding perched uranium is competent and moderateliettsely hematized or bleached.

Chlorite breccia lies within the basement immediabelgeath the unconformitglated
ore zone. Chlorite breccia is characterized by interddbyritized fragments of metamorphic
basement rock and a breccia fill dominated by dravite andtsyueaih subordinate amounts of

sulfide minerals and hydrocarbon buttons visible.

The C-10 fault zone is hosted in a graphitic intervahiwviguartz-biotite-cordierite-
garnet-plagioclase gneiss. Rock in the C-10 fault zeheecciated and has a breccia fill of
dravite with lesser amounts of euhedral quartz. The C-&fatitin zone lies immediately below
the graphitic interval hosting the C-10 fault. The C-10ratten zone is characterized in drill
core by intensely bleached, chloritized, and silicified breané mylonite. The metamorphic
fabric and minerals in rocks outside the C-10 alteratiore ecome indistinct approaching the

zone, and are almost completely obliterated insidedhe.z
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Immediately below the C-10 alteration zone the roc¢ktensely chloritized and
bleached, but foliation is distinct. Over ten meterswethe C-10 alteration zone chloritization
and bleaching are weak. Quartz-biotite-garnet gneiss moréveaty meters below the C-10

alteration zone is not altered.

Fig. 4.3 Core logs for REA-165-3, REA-165, REA-165-1, and a pdrtheccurrence in REA-
165.
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Fig. 4.3 Continued
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Fig. 4.3 Continued
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Fig. 4.3 Continued

4.4.2 Bulk Compositional Analyses

Uranium concentrations are elevated above background Bven above the
unconformity and within the C-10 alteration zone. The sghkenrichment is within 10 m
above the unconformity, and in the shallowest part of #i® Glteration zone in REA-165-3
(Fig. 4.3), and correlates with elevated REE contenth@wacontent is highest in graphitic
intervals within the basement that host the C-10 faulezGarbon is also elevated in the upper
part of the ore zone and within chlorite breccia wheredgathbon buttons occur. Sulfur and
arsenic are correlated, and are enriched in the oeeawhthe C-10 alteration zone. The
transition metals Co, Ni, Cu, and Mo correlate wit8 As in the ore zone and C-10 alteration
zone where sulfide and sulfarsenide minerals occur. Berelevated in rocks with dravite
alteration. Phosphorus is enriched at the unconformityratiee C-10 alteration zone. Strontium
and barium are enriched at the unconformity and the Ct&fatibn zone, where secondary U-

phosphate minerals occur in chlorite breccia and APS minesgectively.

4.4.3 Unconformity-related Ore Zone

Quartz sandstone tens of meters above the unconfasmityiably hematized, contains
interstitial illite, traces of euhedral pyrite, and i$ by veins of euhedral quartz with hematite
inclusions in the outer zones. Detrital and euhedral quaateeakly corroded and replaced by
minor amounts of sudoite and dravite (Fig. 4.4A). Within teters of the unconformity quartz

corrosion intensifies and is replaced by abundant sudodalravite (Fig. 4B).
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Table 4.1 Bulk compositional data in ppm for selected elesneom REA-165-3

Sample
depth REE
(m) U C (tot) S Co Ni As Cu Mo Ba Sr B (tot)
723.9 20 - - 6 22 10 38 0 8 58 863 93
7241 104 - - 20 28 3370 23 2650 21 125 982 115
725.0 25 - - 9 16 33 28 2 13 101 1780 141
7255 123 - - 29 53 84 783 6 74 380 2790 243
726.0 90 - - 41 65 60 2820 3 32 162 1700 98
726.6 1760 2100 42500 948 375 1060 8980 41 83 417 515 181
7271 722 - - 2370 934 3070 301 32 36 184 255 159
727.5 76 - - 74 86 66 140 3 16 95 629 78
728.0 1000 - - 1160 511 1440 421 14 42 278 514 210
728.5 1200 - - 4210 1740 5150 948 41 51 271 385 270
728.7 700 - - 878 536 1690 48 7 39 227 417 317
729.0 1740 2700 15000 1850 883 1060 128 12 24 124 213 437
729.3 464 - - 1640 531 1140 65 83 15 62 134 135
729.5 1180 - - 1380 465 831 139 26 15 62 35 176
730.0 397 - - 1060 462 2030 177 5 11 45 90 72
730.5 408 - - 1450 443 1970 233 2 11 45 334 86
731.0 515 - - 8960 3290 9710 611 8 16 65 768 214
731.3 326 - - 6870 2690 8320 353 12 11 41 433 122
731.7 995 900 56500 11500 4380 16800 565 5 16 76 700 175
732.2 193 - - 995 465 1130 95 5 21 149 814 225
732.7 179 - - 587 450 568 43 3 22 181 429 304
732.8 2370 - - 11400 5360 19200 602 18 1 182 97 211
733.0 11200 - - 9770 5240 16200 666 14 67 370 114 679
733.1 1220 - - 1640 1150 1510 152 4 29 179 52 297
733.3 237 - - 321 317 278 34 2 10 60 37 93
733.6 1020 - - 3100 2090 2830 171 5 19 109 63 224
733.8 3150 50 79300 17900 9680 34100 384 46 27 158 98 317
734.0 620 - - 4910 2110 8450 67 16 14 109 30 166
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Table 4.1 continued

734.3 796 - - 2360 1560 2710 140 6 11 64 47 107
734.6 3170 - - 20900 9300 35200 92 80 18 139 40 293
734.8 1230 - - 17100 7220 31000 64 60 19 115 60 188
734.9 4190 50 13000 2570 1580 1980 55 12 7 25 55 608
735.2 199 - - 766 613 333 12 8 8 81 34 132
735.4 1290 - - 6740 4980 11700 247 18 16 102 67 204
735.6 4450 - - 14100 8660 25100 669 42 21 141 132 491
735.9 364 - - 1030 763 974 65 4 11 131 27 272
736.2 3540 - - 20300 8210 33400 325 48 13 77 70 582
736.4 11400 - - 8420 6140 12100 561 32 9 15 152 1235
736.6 21100 - - 11900 9320 4500 1590 32 64 39 417 1527
736.8 11800 - - 9370 7690 9220 721 65 24 21 158 935
737.0 5340 - - 4750 6610 4270 527 23 16 28 311 652
737.6 3630 700 80000 3940 6510 4020 384 12 24 47 503 524
737.9 1210 - - 2330 4050 1150 130 1 18 75 676 527
738.2 1910 - - 2180 4930 2340 152 6 20 70 733 391
738.5 11300 - - 3200 5670 3730 565 14 47 42 755 1186
738.8 2220 - - 9510 10800 16100 312 47 15 87 585 330
739.2 969 - - 3990 3850 4670 438 11 16 147 486 413
739.4 927 - - 5140 6180 6250 378 9 21 66 961 327
739.7 7210 - - 6410 11000 7680 2360 20 28 36 771 567
740.0 3850 - - 7680 6230 9710 491 31 ¢ 11 177 307
740.2 14100 - - 13400 11700 9140 1350 32 17 26 304 538
740.4 800 - - 3950 3640 4640 2510 406 3 5 77 34
740.5 12500 - - 6390 6290 7410 3930 565 10 14 134 262
740.6 60200 - - 8160 8100 4560 6120 54 39 45 295 2066
740.8 82200 - - 8920 11400 9350 1460 431 34 46 286 1939
740.9 383000 - - 7410 15700 22700 339 659 69 117 187 6610

741.2 416000 - - 6120 19800 28200 328 534 95 88 184 5257
741.6 300000 700 38700 4890 45700 57500 284 383 59 58 192 4115
742.0 224000 - - 6740 84400 104000 432 188 38 38 174 2897
742.2 326000 - - 3820 84100 107000 156 267 56 48 167 3759
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Table 4.1 conhued

742.3
742.5
742.7
742.8
743.0
743.2
743.3
743.5
743.7
744.0
744.2
744.3
744.6
744.8
745.0
745.3
745.5
745.6
745.8
746.0
746.2
746.6
746.7
747.0
747.2
747.4
747.5
747.8
748.1
748.2
748.3
748.5

317000
502000
528000
590000
593000
510000
467000
440000
153000
25200
20500
101000
139000
65700
62200
178000
165000
217000
138000
203000
50400
6390
75100
183000
332000
289000
67800
106000
66700
9580
74900
37600

50

800

112000

63000

3080
1490
1370
1120
1740
2210
3540
5640
10600
6120
5330
5800
6110
7600
10500
8200
6650
7300
10700
10200
11300
11400
14200
19100
12600
11600
21900
13400
10900
7170
9990
11200

60400
22100
19600
27200
25900
66700
105000
89500
113000
30100
26600
187000
168000
253000
180000
167000
120000
147000
196000
159000
46400
26700
36900
35600
17600
17900
35200
27900
26600
13000
24500
53200

104

72700
26100
26600
38100
35700
76300
127000
121000
125000
47700
32100
207000
185000
267000
195000
185000
139000
153000
217000
187000
51600
35700
44500
46500
25000
27800
41100
37700
34400
14200
28700
61000

85 348 58 102 204
1 578 26 44 200
84 370 26 47 203
1 457 44 182 155
64 413 35 60 171
105 489 25 48 149
94 576 22 114 134
249 772 70 77 137
388 222 53 39 219
261 1030 83 37 748
396 574 71 38 813
343 180 32 23 199
297 177 38 30 150
302 129 24 15 73
388 96 34 22 157
234 258 44 31 125
481 263 58 44 192
256 326 56 61 140
351 254 34 30 124
410 293 48 43 143
701 492 69 37 498
668 1290 56 32 878
1580 403 27 25 231
991 371 57 48 226
963 612 135 101 224
582 625 122 96 276
1520 341 75 66 358
889 432 82 56 409
534 307 67 49 474
300 1140 62 38 940
1120 165 320 68 516
633 331 275 49 634

5074
8837
8557
11464
10305
9147
9486
59011
3369
813
571
1661
2154
1191
1060
2947
2728
4297
2417
2916
1535
239
2035
2982
4119
3967
1283
2138
1570
295
3001
2324



Table 4.1 continued

748.8 1330 7800 32800 3590 16900 27100 767 253 46 254 1400 295
749.3 286 - - 1110 2140 2660 78 23 46 254 1340 261
749.7 51 - - 50 581 247 26 4 18 76 608 140
750.1 44 - - 128 1520 1200 8 5 12 79 2000 135
750.4 28 51200 1300 61 855 531 5 3 15 86 4690 163
754.1 195 153000 2200 220 4780 4120 8 32 35 217 12600 437
755.5 1560 9900 19600 794 12200 6720 86 135 73 245 12400 243
756.8 2920 1700 38000 409 2590 1070 786 36 18 185 979 468
760.9 16 600 200 6 95 10 65 2 54 60 371 150
770.9 13 - - 6 60 6 34 10 83 159 257 322
780.2 8 400 1100 9 50 5 1 4 222 110 238 199
Table 4.2 Bulk compositional data in ppm for selected atiesnieom REA-165
Sample
depth C REE
(m) U (tot) S Co Ni As Cu Mo Ba Sr B (tot)
699.2 14 50 300 10 20 4 371 O 11 120 222 187
721.6 42 700 300 3 19 7 108 O 10 98 624 196
7335 18 50 900 23 24 146 91 3 5 47 644 93
734.1 510 - - 1340 639 1320 6640 36 25 224 213 190
7345 45600 1200 111000 30700 27600 45900 1720 785 99 631 96 1497
7349 1290 50 86300 19400 20400 34500 300 113 68 514 41 589
735.4 3080 - - 41200 74100 71000 340 481 21 154 26 517
7359 331 - - 157000 143000 331000 176 1290 1 18 33 41
736.3 1050 - - 66500 211000 131000 209 605 17 85 10 286
736.6 5750 - - 41800 239000 133000 214 431 21 92 12 365
737.0 386 - - 32000 14200 37200 117 146 21 220 1500 341
7375 341 - - 16400 7550 26600 62 112 23 230 1580 395
738.0 497 - - 1040 774 1460 31 15 6 59 210 127
738.5 1990 - - 10900 5060 16800 556 25 25 362 639 713
739.0 225 - - 2570 1150 4310 123 14 12 191 56 326
7395 82 - - 659 656 423 37 11 10 151 66 289
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Table 4.2 continued

740.1
740.7
741.2
741.7
742.2
742.7
743.3
743.7
744.0
744.4
744.8
745.2
745.7
746.2
746.7
747.1
747.5
747.9
750.4
750.8
751.2
754.9
757.0
765.3
773.9
777.3
783.7
795.0
808.4
821.3

168 -
139 50
86 -
201 -
234 -
305 -
29200 -
13100 50
5760 -
1150 -
617 -
11200 600
1510 -
78 -
68 -
194 -
4910 50
377 -
71 -
1840 6300
70 -
333 16300
11 -
9 22400
6 -
12 700
8 600
2 -
1 50
2 50

19600

7600

24700

2100
1000
100
50
50

1070
555
242
400

1270
917

4710

2720

2020
712
929

2710

1110

77
63
179
4220
52
33
489
45
1310
4
11
20
3
4
20
5
11

686 785
402 121
208 73
245 321
647 1530
794 804
3330 3190
1890 2160
2020 2320
577 549
956 711
1480 1820
459 737
101 161
102 153
288 389
3340 5710
81 92
469 179
10700 8470
1060 811
42300 47500
136 10
133 17
121 22
74 2
142 2
71 1
39 1
44 29

337
111
94
147
105
151
4840
1270
478
424
388
4380
9870
5030
3460
2470
621
2770

[6)] N
wU‘Im-bQO-b(D

192
213

1
0
0

NP OWODAPRALWAROOWWDSO

18
25
67
14

77
59
43
35
22
37
26
17
8
11
15
9
16
140
238
217
415
221
33
104
92
30
30
40
36
104
9
81
41

175 28

70
121
30
29
34
46
66
61
36
24
73
90
92
77
88
119
412
61
442
3100
616
2670
2770
305
841
3620
58
120
361
82

142
131
98
109
65
122
3056
1055
457
139
79
863
104
417
451
396
1020
432
101
323
225
108
100
71
139
411
49
302
61
183
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Table 4.3 Bulk compositional data in ppm for selected aktsneom REA-165-1

Sample

depth REE
(m) U C (tot) S Co Ni As Cu Mo Ba Sr B (tot)
7245 74 600 600 8 20 8 768 1 13 97 807 167
733.0 48 50 200 3 8 4 150 0 8 88 1070 136
736.3 97 - - 14 13 18 132 1 11 111 222 142
736.8 71 - - 6 11 13 94 1 10 129 122 141
7374 38 1200 500 7 10 28 66 0 7 85 210 132
738.0 61 - - 32 52 96 147 1 17 190 346 173
738.6 310 - - 6930 2770 9390 3620 21 13 104 158 159
739.2 1410 - - 10600 4060 14700 1570 34 16 83 136 258
739.7 162 - - 675 490 826 510 3 11 115 1630 191
740.3 214 - - 1100 375 1940 236 3 8 57 771 89
740.8 332 12100 19100 4910 2660 2840 2530 17 15 85 1190 226
7412 48 - - 501 208 361 475 5 7 61 159 100
743.3 17 300 800 111 88 25 56 4 4 56 169 97
7455 228 - - 19600 9840 38400 834 67 3 21 58 193
746.0 141 50 4600 1160 915 836 352 13 13 167 1030 407




Table 4.3 continued

746.5 447 - - 454 355 275 930 18 8 105 124 262
747.0 11000 - - 2710 1140 885 2720 333 31 503 439 3400
747.5 20300 - - 1130 905 1060 1230 663 91 280 773 2171
748.0 41500 700 22800 329 457 578 19000 401 119 246 941 2181
748.4 6670 - - 142 344 334 11600 137 44 81 3320 747
748.8 329 - 135 482 113 1190 9 35 98 5130 213

749.3 242 4400 4700 163 387 29 770 37 10 71 1560 174

751.8 5 50 400 7 167 1 409 0 47 17 154 42
763.6 7 5200 100 21 91 4 9 0 74 23 142 145
773.9 4 - - 5 64 1 5 1 38 61 461 179
777.1 8 111000 6300 45 160 49 40 2 9 49 2800 220
788.6 4 72600 3700 24 208 26 15 2 14 74 1420 386
791.5 9 5300 1800 862 368 906 6 3 89 12 340 67
797.6 5 500 100 12 108 10 4 0 23 29 34 159
806.1 2 - - 4 143 3 17 2 32 12 147 32
818.1 2 500 200 10 47 1 10 0 86 33 124 214
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Fig. 4.4 Drill core from REA-165-1 showing increasing sudoiteraind quartz corrosion
approaching the unconformity-related ore zone. A. Quartgloowerate from interval 744.1-
744.9 with weak sudoitization and trace hydrocarbon buttons.o&k €haracteristic of interval
746.0-747.3 m with intensely sudoitized rock with nearly corepdeiartz corrosion and trace
amounts of hydrocarbon buttons.

Optical and scanning electron microscdpymediately above the ore zone, interstices
between quartz grains are filled with abundant pre-ore pRi@ partially replaced by late
chalcopyrite (Fig. 5A and B). Optical petrography (Fig. 86J BSE imagery (Figs. 6A and B)
show that within the ore zone quartz is completely dgstt and replaced by dravite and, By
corroded and replaced by Fe-sudoite. BSE imagery (Fig. @)sstiat euhedral pyrite (Bycuts
corroded Py, and grew around dravite crystals. Optical petrography (Fig$:)5hd BSE
imagery (Figs. 6C-F) show that rutile and Mg-sudoite pirtiaplace euhedral Byand occur in
the groundmass as vieUraninite rims or replaces corroded:Pguhedral Py and occurs in
patches throughout the sudoite-dravite matrix.(6)gFe-sudoite replaces pyrite during uraninite
precipitation (Fig. 6A and B). Hydrocarbon buttons (HCB}uwr disseminated in Mgedoite at
depths of approximately 737-745 meters, and is responsiltleef@levated C content at these
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depths. Trace amounts of marcasite occur with HCB in smeddisandstone. Chalcopyrite
replaces Py and occurs as small blebs disseminated throughout the sddmite matrix (Fig.
5B, C, and E). Xenotime and calcite form a late altensissemblage. Xenotime occurs as rims
on detrital zircon crystals, and calcite as sparse v&mes unconformity is indistinct in the ore-

zone because of quartz destruction and intense chloritizatio

Paragenesigigure 4.7 summarizes the paragenesis for alteration rigressociated
with ore bodies at the unconformity. The key featuregpae-ore pyrite filling the interstices
between detrital quartz grains, corrosion of detritaleuttedral quartz followed by replacement
with dravite and Mg-sudoite, and corrosion of Rllowed by replacement with Fe-sudoite
Following Pyalteration to Fe-sudoite, euhedral pyritejHgrmed. Euhedral Rys partially
replaced by Mg-sudoite and rutile. This was followed by urememd Fe-sudoite replacement of
both generations of pyrite, trace amounts of marcasitehydrocarbon buttons, then partial
replacement of Ryby chalcopyrite cobaltite and sparse pyrite veins.

4.3.4 Perched Uranium

Perched U occurs as decimeter scale intervals in suiiith, matrix supported quartz
pebble conglomerate up to 120 m above the unconformity. Rockusding uraniferous
intervals is moderately bleached or hematized, while uranigeintervals are sulfide-rich and
not hematized (Fig. 4.8).

Optical and scanning electron microscdggn-uraniferous quartz pebble conglomerate has
interstitial illite and pre-ore pyrite (Py with corroded detrital quartz replaced by Mg-sudoite
and dravite (Figs. 4.9A and B, and 4.10A). Mg-sudoite partiajyaces Pyand is mostly
altered to kaolinite (Fig. 4.9B). Clusters of sagenite twdnmile infill the margins of corroded
quartz (Fig. 4.9C). Small euhedral Pb-rich pyritexjRyd galena are disseminated in the

kaolinite.
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Fig 4.5 Photomicrographs of pre- and syn-ore alterationakisrnear the unconformity. A.
transmitted plane polarized light and B. reflected lightgesaof sample REA-165 745.6-745.7,
a sandstone approximately 1.5 meters above the unconfatmaitying alteration of interstitial
pre-ore Pyto Fe-sudoite, and partial replacement of pre-ore pyrithbicopyrite. C. Reflected
light image of sample REA-165-1 747.3-747.4, a strongly suddisaadstone immediately
above the unconformity showing alteration of Ry Fe-sudoite, euhedral Rwraninite, and
chalcopyrite partially replacing RyD-E. Reflected light and F. transmitted plane polarizdut lig
images of sample REA-165-1 748.4-748.5, a strongly sudoitized sdaleén the unconformity
and the chlorite breccia showing dravite, euhedral &yd Mg-sudoite with rutile.
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Py1
Py2
Py2 py2
\U\
Mg-sud =
5 m

Fig. 4.6 BSE images of pre- and syn-ore alteration dfsoear the unconformity. A-C. Sample
REA-165-1 747.3-747.4 showing replacement of ByFe-sudoite, euhedral £yand uraninite.
D-F sample REA-165-1 748.4-748.5 showing where euhedral pyriteagoaind dravite

crystals, and replacement of euhedral ByyMg-sudoite and rutile, and subsequent overgrowth
of Py, by uraninite.
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Detrital quartz
Detrital zircon
Euhedral quartz
Hematite

lllite

Pre-ore pyrite
Dravite
Mg-sudoite
Fe-sudoite
Euhedral pyrite
Rutile

Uraninite
Marcasite
Hydrocarbon buttons
Chalcopyrite
Vein pyrite
Cobaltite
Xenotime

Calcite

Py1

Mg-sud 1

Fe-sud 1

Py2

Py3

detrital to post-diagenetic
minerals

pre-ore alteration

ore-stage alteration

late alteration

Fig. 4.7 Paragenesis for alteration minerals associatedive unconformity-related ore body.

Fig. 4.8 Perched uranium occurrence from drill core REA-16% ihkerval shows bleached

sandstone above the mineralized zone, dark black sulfidesranium mineralization associated

with a small fault, and hematization below the mifieed interval.

114




Uraniferous intervals have abundant interstitial gt is rimmed by Py(Figs. 4.9D and
E, 4.10B and C). Pyfills the margins of corroded quartz grains (Fig 4.10B, @,En Sparse
zircon fills the margins of corroded quartz grains angl(Pig. 4.10E). Uranium occurs as
nodules of zircon-coffinite interstitial to the kaalagroundmass as halos surrounding pyrite
(Fig 4.10C and D), and as zircon-coffinite replacememnirobn (Fig. 4.10E). Corroded detrital
quartz has a bright orange cathodoluminescence chastctefiradiation damage that
penetrates grains to a depth of approximately 100um (Fig. £8B)copyrite partially replaces
Py, and is partially replaced by galena (Fig. 4.10C). Euhedtahgas disseminated throughout
kaolinite, and is partially replaced by anglesite alorygtad margins (Fig. 4.10F). The Pbin
galena is likely radiogenic given the association of galtiaU-bearing samples. The depth
interval comprising the perched uranium occurrence investigads an averageé®PbfPb ratio
of 42.3, supporting the radiogenic origin of Pb (Cameco, urghdddi data).

Paragenesigigure 4.11 summarizes the paragenetic sequence for aleradtierals
associated with perched U occurrences.fllg porosity between detrital quartz grains in
uraniferous intervals. Non-uraniferous quartz pebble conglteés moderately hematized and
has interstitial illite. Detrital quartz was corroded anglaeed by dravite and Mg-sudoite. Rutile
formed after quartz corrosion. Pig corroded and replaced with Mg-sudoite that was
subsequently kaolinized. Euhedral Pb-rich pyrite occurs wiblirkaed Mg-sudoite. Pyrims
Py:. and fills the margins of corroded detrital quartz. Zirats the margins of corroded detrital
quartz and Py Uranium mineralization occurred after,Pkaolinization, and zircon formation.
CL imaging shows that radiation damage to detrital quataroed after quartz corrosion and
replacement by dravite and Mg-sudoite. Massive chalcepgrembayed into uranifersu
kaolinite, and is partially replaced by galena. Euhedrahgale disseminated throughout
kaolinite in uraniferous and non-uraniferous samples, andtislpareplaced by anglesite.
Pyrite corrosion and replacement by Fe-sudoite aressocated with perched uranium

mineralization.
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Fig. 4.9 Photomicrographs of quartz sandstone associategevihed uranium. A. transmitted
cross-polarized light and B. transmitted plane polariggd Images of sample REA-165 624.6-
624.8 showing detrital quartz with interstital illite and Py1,rtpieorrosion, Mg-sudoite,
dravite, and kaolinized Mg-sudoite. C. Reflected light imaigeample REA-165 611.8 with
guartz corrosion and replacement with dravite, post-quartasion rutile, and kaolinite. D.
Transmitted plane polarized light and E. reflected ligidages of sample REA-165 620.0-620.3
with quartz corrosion, Pyl and Py2, chalcopyrite, andikié®keplacement of Mg-sudoite. F.
Sample REA-165 620.0-620.3 color cathodoluminescence imagenshorange
cathodoluminescence caused by radiation damage to detrittd guains.
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Fig. 4.10 BSE images of perched U samples. A. Sample REA-163-620.4 a non-
mineralized sample from below a uraniferous interval. Thigoéa has corroded detrital quartz
and associated dravite, and a kaolinite groundmass witngiisated euhedral Pynd galena.
B.-F. Sample REA-165 620.0-620.3 from a uraniferous interval. S&mgple has abundant
interstitial corroded Pythat is partially replaced by kaolinized Mg-sudoitez: finis Py, fills
corroded margins of quartz grains, and is partially replagezhalcopyrite. Chalcopyrite is also
disseminated in patches of kaolinite. Galena partially ceglahalcopyrite, and occurs as
euhedral crystals disseminated in kaolinite. Galena rexs figrtially altered to anglesite. Zircon
is interstitial to corroded quartz grains. Zircon-cofeénitccurs in the interstices between
kaolinite as halos associated with pyrite, and aplacment of zircon.
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Fig. 4.11 Paragenesis of alteration minerals associatbgwithed uranium.

4.3.5 Chlorite Breccia

Chlorite breccia occurs in basement rock immediatdiywere bodies at the
unconformity, ands macroscopically characterized by brecciated metamorphitzgaélled
with green Mg-sudoite (Fig. 4.12). The quartz-sudoite bregambrecciated a second time and
infilled with light-grey to light-blue dravite and olive-gre#1g-sudoite, with minor amounts of

HCB and sulfide minerals. Patches of hematite occurendi fragments.

12C



Fig. 4.12 Chlorite breccia samples in drill core. A. Cldobreccia sample REA-165-1 749.2-
749.3 showing breccia fragments composed of corroded mgihim@uartz fragments and Mg-
sudoite, infilled by dravite and hydrocarbon buttons. B. Chltriéecia sample REA-144 725.0-
725.2 with brecciated quartz pegmatite infilled by Mg-sudoite anl Aiherals. This sample
was brecciated a second time and infilled by dravite and Mgitsudo

Optical and scanning electron microscdpseccia fragments consist of brecciated gneiss
or pegmatite with variably corroded quartz surrounded by Mg-si@dig-sud), £APS
minerals, trutile (R), and traces of euhedral pyrite {P¢Figs. 4.13A, B, E, and F; and 4.14A).
The breccia fill is dominated by dravite, Mg-sudoite (Mg-$udnd lesser amounts of Fe-
sudoite. The breccia fill hosts an assemblage of redwaserals comprised of euhedral pyrite
(Py.), HCB, marcasite, and chalcopyrite (Figs. 4.13C and 4.12Bite veins (P3) cut breccia
fragments and breccia fill, and are spatially associattdillitization of Mg-sudoite (Fig. 4.13E

and F) Traces of gersdorffite are present (Fig. 4.13D). ¥eaadnd uranium phosphate
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minerals occur in association with rutile g§Rand euhedral pyrite (Ry(Fig. 4.13C and D).
Marcasite and all generations of pyrite are partialipdwzed (Figs. 4.13C and 4.14A, B, and
E). Ankerite and calcite fill fractures that cross-auideia fragments, breccia fill, and F#xeins
(Fig. 4.14E).

Paragenesigigure 4.15 summarizes the paragenetic sequence of alteratierals in
the chlorite breccia. Two brecciation events occurrddrbehe precipitation of a reduced
mineral assemblage. Each brecciation event was folldyepiartz and pyrite corrosion and
pervasive Mg- and Fe-sudoitization and associated rDtiksite is absent after the first
brecciation event, but constitutes the dominant mirierde breccia fill after the second
brecciation event. A reduced mineral assemblage comptisulfide and sulfarsenide minerals,
and HCB formed after the dravite breccia fill. An oxidizethenal assemblage follows the
reduced assemblage, and is characterized by uranium phosphetals, xenotime, and

hematite. Late stage calcite and ankerite veins anbsdimther mineral assemblages.

4.3.6 C-10 Fault and C-10 Alteration Zone

Basement rock above the C-10 fault zone consists ofagbmtite-cordierite-plagioclase
gneiss, with near complete illitization of feldspar. Amgching the C-10 fault zone the graphite
abundance of the gneiss increases, and all metamorphiaisiegcept graphite are altered by
hydrothermal alteration. The graphite breccia in the Cali@ zone is filled with hydrothermal
guartz and dravite. Below the C-10 fault zone is an intefdeached breccia and mylonite
comprising the C-10 alteration zone (Fig. 4.16). Original metahic minerals excluding quartz

are obliterated by intense chloritization.

Optical and scanning electron microscoplye C-10 fault zone is confined to graphitic
gneiss, with graphite, metamorphic quartz, and dravite brditlada the dominant minerals.
Euhedral hydrothermal quartz penetrates and overgrows metiaimquartz. Both types of
guartz show dissolution textures and are replaced by dradt®lgrsudoite (Fig. 4.17A and B).
Graphite in the C-10 fault zone shows no dissolutionglacement textures such as corrosion

and embayment of alteration minerals into the graphite.

122



Fig. 4.13 Photomicrographs of two styles of chlorite brecideflected light, B. transmitted
plane polarized light, CD. reflected light images of sample REA-165-1 749.1-749.3 a
brecciated gneiss showing corroded metamorphic quartz esectasbreccia fragments, dravite
breccia fill, and a reduced mineral assemblage of pyrite,,@@Bcasite, chalcopyrite, and
gersdorffite. E and F. Transmitted plane polarized ligiatges of sample REA-144 725.0-725.1
a brecciated quartz pegmatite filled by Mg-sudoite and APSraifehat was brecciated a
second time and infilled with Mg-sudoite cut by late illitenge
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Fig. 4.14 BSE images of chlorite breccia samples. A. 8aRBA-165-1 749.1-749.3 showing
Mg-sudoite breccia fragments withiRpartially hematized Ryand dravite breccia fill. B. The
same sample showing dravite breccia fill, HCB, chalco@yand hematite. C. and D. Dravite
breccia fill in sample REA-165-1 748.8-748.9 with Btergrown by Py, a uranium phosphate
mineral, and xenotime. E. Pyein in sample REA-165-1 749.1-749.3 partially hematized and
replaced with ankerite. F. Sample REA-144 725.0-725.1 wiglv@nlets associated with illite.
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Fig. 4.15 Paragenesis of chlorite breccia immediatelyb#ie unconformity.

Immediately below the C-10 fault zone the rock is ggsphitic, and abruptly transitions
from non-bleached gneiss to intensely bleached mylonite andidmeith most of the
metamorphic minerals obliterated by hydrothermal alteratian &16). This transition from
non-bleached gneiss to intensely bleached rock constihgegpper contact of the C-10
alteration zone. Mineralogically the C-10 alteratiome is distinguished from other units at Fox
Lake by the presence of early Fe-Co vaesite veinsi{\¢asximal to the unconformity, intense
silicification with hydrothermal euhedral quartz, followed byvasive chlorite then fluorapatite
alteration. The margins of Vaseins have dissolution textures and are replaced by Mgtsudo
overprinted by Fe-sudoite, and fluorapatite (Fig. 4.18A and/Bjamorphic and hydrothermal
guartz have dissolution textures (Fig. 4.17C) with replaceimg Mg-sudoite, and fluorapatite
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proximal to the unconformity; and a clinochldvg-sudoite solid solution, dravite, fluorapatite,
and APS minerals in samples distal to the unconforriiys( 4.17E, and 4.18C and D).

Following fluorapatite precipitation, rock in the C-1(Ce&dition zone proximal to the
unconformity was fractured and filled with veins of euhedoalerd Ni-rich pyrite (Nipy: and
Ni-py2) (Figs. 4.17D and F; and 4.18B and E). The cores of euhedmirite (Nipy1) have less
nickel than the rims (Npy-), with Fe-rich vaesite (Vakat the boundary of the two pyrites (Fig.
4.18B and E). APS minerals deeper in the basement haesitydilled by, and are partially
rimmed by euhedral pyrite (Py(Figs. 4.17E and 4.18D). Gersdorffite replaces both Ni-pyrite
generations along growth zone boundaries, the rim, araarcases replaces the pNi- core
completely (Fig. 4.18B and E). Calcite replaces bothmgeioas of Ni-pyrite, and constitutes the
dominant mineral in the fractures hosting euhedral Nig@yFigs. 4.17D and F; and 4.18A, B,
and F). Galena replaces:Ryres as well, and also occurs as subhedral crystalsedrgn
anglesite within calcite veins (Fig. 4.18F).

Rock below the C-10 alteration zone gradually transitiomeiebleached quartz-biotite-
cordierite-garnet-plagioclase gneiss, with variable di#ation of biotite and garnet to

clinochlore.

Paragenesis of alteration minerals in the C-10 fault and alteration Zbhegaragenesis of
alteration minerals in the C-10 fault and alterationezowas established using the petrographic
evidence presented above, and summarized in Figure 4.18rSEtadteration stage is
represented by clinochlore, ageins, and the hydrothermal quartz associated with the
silicification of the C-10 alteration zone. The secoltération stage is indicated by corrosion
and replacement of metamorphic and hydrothermal quartzghgudoite and dravite, followed
by precipitation of fluorapatite in the porosity betweeg-8idoite sheets, and the overprinting
of Mg-sudoite by Fe-sudoite. Clinochlore-amesite is thaidant chlorite at depth, with chlorite
compositions trending towards Mg-sudoite with proximity to theomformity. APS minerals
occur with fluorapatite in the C-10 alteration zone digtahe unconformity. After the Fe-
sudoite overprinting a reduced mineral assemblage of salfidesulfarsenide minerals formed

and constitutes the third alteration stage. Veins of eahdlitpyrite (Nipy: and Nipy2) with
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Vas formed, and were subsequently partially replaced gerseoaffitl galena. The last
alteration stage is represented by anglesite replaciegayaand calcite replacing . and Ni-
py2 and filling in fractures.

4 cm
B
Ame Met Qz 4 cm
Met Qz
4 cm

Fig. 4.16 Intervals from the C-10 fault zone and the C-tHalon zone showing the increasing
intensity of bleaching proceeding downwards from the faulS@mple REA-165-1 786.2-787.1,
a representative graphitic gneiss with dravite brecdiddiin the C-10 fault zone. B. Sample
REA-165-1 791.6-792.2, a moderately bleached, silicified, and thétirock representative of
the transition between non-bleached graphitic gneid®eil€t10 fault zone and intensely
bleached rock in the C-10 alteration zone. C. Sample-R&A1 808.2-808.7, showing
brecciated and mylonitic textures; and intense bleachingldadtization.



Fig. 4.17 Photomicrographs of samples from the C-10 alteratioe. A. Transmitted cross-
polarized light and B. transmitted plane polarized lightgesaof sample REA-165-1 784.5-
784.6 a graphitic gneiss from the C-10 fault zone with hyerobal quartz overgrowing
metamorphic quartz, and both types of quartz partially redlag dravite and Mg-sudoite. C.-D.
Transmitted plane polarized light, akdreflected light images of sample REA-165-3 755.0-
755.2 from the C-10 alteration zone proximal to the uncontgrikietamorphic quartz is
corroded and replaced by Mg-sudoite and fluorapatite. Cfustesuhedral zoneli-pyrite (Ni-
py: and Nipy2) occur in fractures that are filled with calcite. Tloees of some Ni-pyrite are
replaced by calcite. F. Reflected light image of sarRité\-165 775.0-775.2 from the C-10
alteration zone distal to the unconformity. APS mireeak abundant and rimmed or partially
replaced by Py Graphite is sparse and unaltered.
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Fig. 4.18 BSE images of samples from the C-10 alteratiop.zA. and B. Sample REA-165-3
755.0-755.2 from the intersection of the C-10 alteratiorezznd the unconformity; showing
textural relationships between \{adlg-sudoite, fluorapatite, Fe-sudoite, Py, Va, Ni-py»,
gersdorffite, and calcite. C. and D. Sample REA-165 775.0-75/0&ving textural relationships
between Mg-sudoite, dravite, fluorapatite, APS minerald,Ryn. E. Sample REA-165-3 755.0-
755.2 showing Mg-sudoite, Fe-sudoite, fluorapatitepii-Vas, Ni-py., and replacement of
Ni-py by gersdorffite. F. The same sample showing galemaed by anglesite.

13C



Clinochlore-amesite | m—
Vas1

|

Vein Fe-Co-vaesite |
Hydrothermal quartz — :
Dravite I

Mg-sudoite |
Fluorapatite :

APS minerals — |

Rutile |

|

=1

Fe-sudoite
Ni-Py1 Ni-Py2

Euhedral Ni-pyrite

Fe-vaesite
Euhedral pyrite
Gersdorffite
Galena

Anglesite

Calcite

post-metamorphic pre-ore alteration ore-stage alteration late alteration
minerals

Fig. 4.19 Paragenesis of alteration minerals in C-10 &natC-10 alteration zones.

4.3.7 Electron Microprobe Analysis

Electron microprobe analysis of chlorite and sulfideerals from all rock types was
performed to evaluate variations in mineral compositidh vespect to stratigraphic and
paragenetic relationships. Electron microprobe analysis@nformity-hosted uraninite and
perched U-mineralization was performed to characterizedhgosition of uraninite and the

identity of the host-mineral for perched U-mineralization

Chlorite Octahedral site occupancies for di- and tri-valent caticer® calculated based
on 14 oxygens (Table 4.8upplemental electronic file: Fox_Lake_chlorite_composijions
These data, and compositions for endmember chloritesHolland and Powell (1998), and Fe-
sudoite from Ng et al. (2013) are plotted on a Mg-Al+e -Feamradiagram (Fig. 4.20). Chlorite
minerals in unaltered basement rocks have octahedralcsitgpancies consistent with Mg-Fe

amesite, a trioctahedral Mg-chlorite. Chlorite compaosd in the C-10 alteration zone vary from
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Mg-amesite at depth to Mg-sudoite near the unconformity, avslight enrichment in Fe in the
shallowest sample. Chlorite breccia fragments andditehchlorite compositions between Mg-
sudoite and Fe-sudoite. Chlorite from the ore zone bélewamconformity occurs as two types:
Fe-sudoite replacing pre-ore pyrite, and Mg-sudoite replacing oge-stiahedral pyrite. Chlorite
from the ore zone above the unconformity has Fe-sudoitgositions similar to those in the

ore-zone below the unconformity.
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Donbassite 100

2
. A 430 Type
Fe-sudoitey Dioctahedral
Mg-sudoite %l-chlorlte N © Below C-10 alteration zone
B ° © C-10alterati
-60 —10 alteration zone
o & 9})
@ © VA | EENAVANNES @ C-10 fault zone
%\Og) v -40 © Chlorite breccia
Mg-amesitee  © 0 | o Fe-amesite _
o0 | © Ore above unconformity
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, 2 Mg-chlorite | Fe-chlorite -20
Clinochlore o Trioctahedral *Daphnite
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% ARVERVERVERVER /SR , ;
Mg & $ $ § SFe

Fig. 4.20 Octahedral site occupancy of Mg, Fe, and Al + vacanahlorite minerals in the
different lithologies at Fox Lake. Chlorite endmembempositions from Holland and Powell
(1998). Fe-sudoite composition from Ng et al. (2013).
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Table 4.4 Representative compositions for chlorite miseraFox Lake
Lithology Basement Deep Middle Shallow C-10 Chlorite Ore  Ore  Ore
belowC- C-10 C-10 C-10 Fault breccia below below above

10 AZ AZ AZ AZ zone unc. unc. unc.
Sample REA-165 REA- REA- REA- REA- REA- REA- REA- REA-
ID 812.2 165-1 165 165-3 165 165-1 165-1 165-1 165

807.7 775.2 755.2 768.0 748.8 7475 748.4 747.3
Si02 29.35 3249 3494 3478 3545 36.22 43.77 33.04 31.58

TiO2 - 0.01 0.15 - - - 0.02 - -
Al203 25.00 20.65 2598 29.80 33.06 27.88 33.68 27.81 24.75

Cr203 - - - - 0.01 - - - -
FeO 0.92 222 210 2.95 0.99 6.65 6.41 5.15 20.24
MnO - - - - - 0.05 0.05 - 0.14
V203 0.01 - 0.05 0.07 0.04 0.09 0.11 097 1.22

Zn0O 0.08 0.04 0.04 0.28 - 0.04 - 0.01 -
MgO 29.81 30.12 2266 17.04 17.67 1565 120 17.99 6.89
K20 0.01 0.16 0.44 0.40 0.43 0.10 1.02 019 0.24
Cl 0.01 0.02 0.04 0.10 0.07 0.13 0.01 0.21 0.04
F 0.14 0.44 0.29 0.24 0.16 0.16 0.08 0.14 0.06

Total 85.32 86.13 86.69 85.67 87.87 86.97 86.35 8550 85.16
Cations

per 14 O
Shot 2.77 3.07 3.22 3.23 3.16 3.36 395 313 3.25
Altot 2.78 230 2.82 3.26 3.48 3.05 3.58 311 3.01
Siv 2.77 3.07 3.22 3.23 3.16 3.36 395 3.13 3.25
Al'Y 1.23 0.93 0.78 0.77 0.84 0.64 0.05 0.87 0.75
Al 1.56 1.36 2.04 2.50 2.64 2.41 3.53 224 2.26
Fe'! 0.07 0.18 0.16 0.23 0.07 0.52 048 041 1.74
MgV 4.20 424 311 2.36 2.35 2.16 0.16 254 1.06

vacancy' 0.17 0.22 0.68 0.89 0.93 0.90 181 0.73 0.82

Sulfide mineral$Sulfide and sulfarsenide minerals were analyzed for FeCGuNI, Pb,
Mo, As, and S, all analyses are reported in the supgieahelectronic file:
Fox_Lake_sulfide_sulfarsenide_compositions (Appendix A). Refarltepresentative minerals
from the unconformity-related ore zone and chlorite beeare reported in Table 4.5. Copper
fractions with respect to Fe, S, and 100 times Cu wt.% wéelated and are plotted in Figure
4.21. Sulfide minerals in the ore zone and chlorite brear@dest distinguished by Cu
concentrations, and show a clear paragenetic trend tovmaréasing Cu concentrations over
time. Copper concentrations in sandstone-hosted prgyote (Py) and euhedral pyrite (Ry
from the ore-zone are below 0.52, and 1.27 wt.% respectiehedral pyrite (Py from
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chlorite breccia fill have Cu concentrations between Or@i30a71 wt.%, and late pyrite veins
(Pys) between 0.5 and 4.38 wt.%. Chalcopyrite from the ore aodechlorite breccia has Cu
concentrations of ~35 wt.%.
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Fig. 4.21 Ternary diagram showing variations in $eand Cu (wt. %) for pyrite and
chalcopyrite in the ore zone at the unconformity anchiorite breccia immediately below the
unconformity.

Sulfide minerals in the C-10 alteration zone are djsighed by Cu, Ni, and Co
concentrations (Table 4.6). Pyrite proximal to the unconifgrhas higher Cu concentrations
(Fig. 4.22). Metamorphic pyrite in fresh quartz-biotite-gagmeiss has similar low Cu
concentrations to euhedral pyrite from the C-10 alteratane distal to the unconformity.
Concentrations of Ni and Co in pyrite from the C-1@raltion zone also positively correlate
with proximity to the unconformity, as shown in Figure 23. &wdrphic pyrite contains traces
of Niand Co.
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Fig. 4.22 Ternary diagram showing variations in Fe, S, Gan@wt. %) for sulfide minerals in the
C-10 fault zone, C-10 alteration zone, and in unalteredzyb#tite-garnet gneiss below the C-
10 alteration zone.

Pyrite associated with perched uranium has lower coratemts of Cu compared with
pyrite in the ore zone and C-10 alteration zone, and doehave a clear paragenetic trend of
increasing Cu over time (Fig. 4.24). Pyrite associated patiched uranium has trace
concentrations of Pb, whereas euhedral pyrite disserdimat@olinite immediately below
perched uranium has Pb concentrations of ~1 wt.%, likely cduyseixed analyses with galena
Representative compositions for pyrite and chalcopgsseciated with perched uranium are

given in Table 4.7.

Unconformity-hosted uraninite and perched uranidfirunconformity-hosted uraninite
analyses (Table 4.8) have low analytical totals (<80 wt.%¢s@& can be caused by partial
oxidation or auto-oxidation of 1 to U™, water or hydroxyl groups adsorbed on the uraninite
crystal structure, mineral inclusions or areas of altamamaller than the electron beam
LOWHUDFWLRQ YROXPH 5((TV QRUWRNQDDQHISIHNQIEQBQZOQW LF
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Fig. 4.23 Ternary diagram showing variations in Fe, Ni andv@. %) for sulfide minerals as a
function of depth in the C-10 alteration zone. Metarharpyrite from unaltered quartz-biotite-
garnet gneiss shown for comparison.
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Fig. 4.24 Ternary diagram showing variations in Fe, S,Gan¢wt. %) for sulfide minerals
associated with perched uranium.
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Table 4.5 Representative compositions in wt.% for sulinigerals from the unconformity-related ore zone and uyidgrchlorite

breccia.
Chlorite Chlorite Chlorite Chlorite
Lithology = Ore zone Orezone Orezone Ore zone breccia breccia breccia breccia Ore zone
REA- REA-

REA-165 REA-165 REA-165-1 REA-165-1 REA-165-1 REA-165-1 165-1 165-1 REA-165

Sample ID 745.6 745.6 747.3 747.3 749.1 748.8 749.1 749.1 745.6
Mineral

type Py Py Py Py, Py Py Pys vein  Pyvein Ccp
Fe 46.00 46.27 46.68 44.83 44.25 45.31 45.60 37.56 30.01
Cu 0.52 0.03 0.03 1.27 0.03 0.71 0.50 4.38 34.64
Co 0.01 0.01 0.01 0.03 0.44 0.01 0.01 0.93 0.01
Ni 0.09 0.01 0.01 0.30 0.69 0.07 0.03 1.43 0.01
Pb 0.26 0.08 0.06 0.10 0.25 0.06 0.08 0.46 0.22
Mo 0.05 0.05 0.04 0.04 0.06 0.05 0.04 0.01 0.04
As 0.13 0.01 0.16 0.28 0.60 0.01 0.01 0.64 0.06
S 53.28 53.45 52.86 53.37 52.59 53.30 53.23 50.01 34.81
Total 100.34 99.91 99.85 100.22 98.91 99.52 99.50 95.42 99.80

Table 4.6 Representative compositions in wt.% for subiadk sulfarsenide minerals from the C-10 alteration zone

Shallow Shallow Shallow Shallow Shallow Mid Deep QzBt-

C-10 C-10 C-10 C-10 C-10 C-10 cC-10 Grt C-10
Lithology AZ AZ AZ AZ AZ AZ AZ gneiss FZ

REA- REA- REA- REA- REA- REA- REA- REA- REA-
Sample 165-3 165-3 165-3 165-3  165-3 165 165-1 165-4 165

ID 755.2 755.3 7554 7555 755.6 775.2 807.7 863.0 768.0
Mineral Ni-py1
type Vas Ni-py1 rim Ni-py2 Grs Py Pyw MetPy Ccp
Fe 12.03 3890 33.80 34.82 0.44 43.16 46.38 46.57 30.11
Cu 0.11 0.59 0.52 0.53 0.06 0.03 0.03 0.03 34.76
Co 19.99 0.53 2.50 1.99 0.98 0.93 0.07 0.01 0.01
Ni 22.24 6.16 7.30 8.42 34.58 1.97 0.56 0.01 0.01
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Table 4.6 continued

Pb 0.43 0.15 1.08 0.37 0.02 0.18 0.11 0.08 0.05
Mo 0.21 0.04 0.01 0.01 0.01 0.05 0.02 0.04 0.01
As 0.05 1.42 5.30 2.28 4463 0.21 0.01 0.01 0.01
S 40.17 51.75 49.27 50.94 19.66 53.39 5290 53.71 34.67

Total 95.24 9955 99.79 99.36 100.38 99.92 100.07 100.46 99.63

Table 4.7 Representative compositions in wt.% for sulinitgerals associated with perched uranium
Below Below
Perched Perched Perched Perched perched perched Perched

Lithology U U U U U U U
Sample REA-165 REA-165 REA-165 REA-165 REA-165 REA-165 REA-165
ID 620.1 620.1 620.1 620.1 620.3 620.3 620.1

Mineral

type Py Py Py, Py, Py, Py, Ccp
Fe 46.95 46.73 46.30 46.08 45.49 44.35 30.18
Cu 0.24 0.60 0.03 0.09 0.03 0.62 34.42
Co 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Ni 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Pb 0.07 0.12 0.09 0.06 1.23 1.10 0.10
Mo 0.04 0.04 0.05 0.02 0.01 0.01 0.01
As 0.01 0.01 0.01 0.01 0.01 0.01 0.01
S 53.50 53.08 53.16 53.09 51.91 52.65 34.97

Total 100.83 100.59 99.64 99.36 98.69 98.79 99.71
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Thorium is present in all unconformity-hosted uraniaibalyses with Th@ranging from
below the detection limit to 2.51 wt.%, with an average vafu®6 wt.%. Thorium is also
present in semi-quantitative EDXS analyses of APS miné&wais the chlorite breccia (REA-144
733.1) and the mid-C-10 alteration zone (REA-165 775.0). Sonhgsardave a significant
amount of Si (Fig. 25), indicating coffinitization. Cafitie was not observed in BSE imagery,

indicating that coffinite replacement, if it occurréslat the sub-micron scale.
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Fig. 4.25. Ternary diagram of B-Ca concentrations (wt. %) in unconformity-hosted uraaini
and zircon-coffinite-xenotime-thorite replacementzin€on associated with the perched uranium
occurrence.

Zircon, U alteration of zircon, and U-rich haloskewlinite associated with the perched U
occurrence were analyzed. Zircon is nearly endmemberrg{tables 4.9 and 4.10, Figs. 4.26
and 4.28), with approximately 1 wt.% HfQJranium is below the detection limit in all zircon
analyses. Thorium is elevated in parts of the ziraar bJ alteration. All zircon analyses have
analytical totals near 100 wt.%, indicating the crystalyaea has not been hydrated. Lack of

hydration is consistent with a U-poor non-metamict zir@neiter et al., 2006).
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Analyses of U-altered zircon associated with the pertheccurrence (Tables 4.11 and
4.12, Fig. 4.26) are consistent with a solid solution oruméxbetween the endmembers zircon,
coffinite, xenotime, and thorite (Forster, 2006), withzlreon and coffinite components
dominating the composition. The range of analytical tdtalzircon-coffinite is 76.32-94.19
wt.%, with an average of 87.24 wt.%. Low analytical totals enzincon-coffinite-xenotime-
thorite system can be caused by the substitution ad@d4#OH for 1SiQ*, or the incorporation
of OH" into the metamict crystal structure (Speer, 1982; Poettal., 1988; Forster, 2006).
Zircon enriched in U is typically enriched in F, witlténtributing to low analytical totals
(Breiter et al., 2006). Semi-quantitative EDXS analysdg-aftered zircon have F
concentrations up to 1.7 atom%, not enough to completely acfoydow analytical totals. The
full elemental dataset for zircon and U-altered zirsoprovided in Appendix 1 supplemental

electronic file: Fox_Lake_coffinite.xIsx.

Analyses of U-rich regions of the kaolinite matrix lwashsistently very low analytical
totals of <70 wt.%, likely due to the admixture with hydrated ikéel and abundant interstitial
space. These analyses are not reported, but theyugyielya@onsistent with the analyses of
zircon-coffinite alteration of zircon, suggesting thatghed U occurs as submicron-scale
nodules of zircon-coffinite interstitial to kaolinitand in spatial association with the reduced

mineral assemblage.

Phosphorus concentrations in unaltered zircon haaagerof 0.05-1.68 wt.%,0s, with
an average of 0.25 wt.%. Higher P concentration in zicoorelate with proximity to zircon-
coffinite alteration. Uranium-altered zircon has sigifitly higher P concentrations, with a
range of 9.71-12.88 wt.%»0s, and an average value of 11.44 wt.%. Phosphorus enters the
tetrahedral site in zircon through various metasonsatistitution reactions that also introduce

additional non-formula cations (Breiter et al., 2006at®intite-type substitution, €a

+(U+Th)* +2P* [° 2Zr** +2Sf, is the means by which U enters the 8-coordinated site in
zircon. Pretulite-type substitution, 8e-P°* /° Zr** +Si**, introduces Sc into the tetrahedral site.

Berlinite-type substitution, P+AI3* /° +2S7#, introduces Al into the tetrahedral site. Xenotime-
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type substitution, (REE+Y¥j +P°* /° Zr** +Si*, introduces REE and Y into the 8-coordinated

site.

An account of P was calculated by summing the atoms peuf@wumit (apfu) of P
required for the above substitution mechanisms. In so@kyses the amount of P required was
slightly more than the total P analyzed. In most aealyse amount of P required greatly
exceeds the P analyzed, indicating P-loss from a mettanystal structure (Breiter et al., 2006).
High-P but relatively low-REE content is indicativetbé brabantite-type substitution reaction.
The extremely high U concentrations suggest that brabagpe substitution is responsible for
the introduction of U, and the majority of the P inte #ircon structure. Figure 4.27 show plots
in apfu of the cations involved in these P substituteactions and lines showing ideal
stoichiometric substitution. The apfu values for U anddPcansistent with brabantite-type
substitution. The deficiency of Al, Sc, Y, and REE withpexst to P suggests berlinite-, pretulite-

, and xenotime-type substitutions were insignificant comparédbrabantite-type substitution.

Micron to submicron compositional heterogeneity in Uratlezircon is visible in high-
magnification BSE images (Fig. 4.29), with brightness dated with U concentration. Uranium
alteration is most intense along fractures and porosityrcon. The scale of the compositional
heterogeneity is approximately 1 um, the same as thesggotised for analyses. It is possible
that some analyses may be a mixture of zircon andrzattered to coffinite, rather than one

mineral phase.

4 .4 Discussion

The paragenesis from the unconformity-related ore zmrehed uranium, chlorite
breccia, and the C-10 alteration zone have similatitiasreflect physicochemical conditions
that affected all the rocks altered at Fox Lake. All liigies have pre-ore sulfide minerals that
are corroded and replaced with Mg- or Fe-sudoite, indicafiexidizing conditions. Corrosion
of detrital and metamorphic quartz is associated with peesdsavite and sudoite alteration.
The discussion below highlights key minerals in the paradggeties provide approximate

physicochemical constraints to the ore forming system.
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Table 4.8 Analyses for unconformity-hosted U mineralizatitata in wt.%.

SampleID UO; ThO, PbO ZrO, HfO, SiO; Al20s SeOs TiO2 FeO Y203 SmOs ErOs CaO P.Os Total
REA-165-1

748.4 29.41 0.28 0.46 3.43 bdl 8.782 1.620 0.027 12.07 4.37 535 0.24 0.36 3.359 6.56 76.32
REA-165-1

747.3 38.52 122 0.34 0.34 bdl 16.284 5.074 0.300 0.32 341 1.78 0.35 0.28 0.743 1.80 70.77
REA-165-1

747.3 46.66 1.26 0.26 0.79 bdl 16.609 4.270 0.295 0.33 3.43 235 047 0.21 0.858 2.11 79.90
REA-165-1

747.3 4851 1.02 0.35 0.44 bdl 12.663 0.717 0.286 0.50 2.27 194 0.46 0.38 0.868 2.09 72.49
REA-165-1

747.3 49.31 090 0.32 0.34 bdl 14.099 1.620 0.315 0.50 1.17 251 047 0.27 0.834 2.10 74.78
REA-165-1

747.3 39.31 251 0.33 1.28 bhdl 18.216 4.821 0.292 0.27 351 211 0.34 0.17 0.773 2.17 76.11
REA-165-1

747.3 65.39 0.28 bdl 153 bdl 1.744 0.120 0.023 0.74 1.03 bdl 0.11 bdl 1.017 0.30 72.29
REA-165-1

747.3 64.16 0.29 bdl 152 bdl 1.885 0.129 0.013 1.07 1.76 bdl 0.09 bdl 1.057 0.28 72.25
REA-165-1

747.3 63.47 0.28 bdl 1.80 bdl 1947 0.182 bdl 1.33 1.56 bdl 0.09 bdl 0.972 0.29 71.93
REA-165-1

747.3 64.18 0.22 bdl 1.72 bdl 1.480 0.149 0.017 0.92 1.21 bdl 0.09 bdl 1.196 0.27 71.46
REA-165-1

747.3 64.08 0.25 bdl 1.34 bdl 2.060 0.421 0.025 0.56 1.48 hdl 0.13 bdl 1.082 0.26 71.68
REA-165-1

747.3 65.67 0.25 0.08 155 bdl 1.703 0.167 0.015 0.75 1.13 bdl 0.12 bdl 1.010 0.28 72.72
REA-165-1

747.3 64.05 0.29 0.68 1.64 bdl 1942 0.146 bdl 1.04 1.72 bdl 0.11  bdl 1.011 0.28 72.90
REA-165-1

747.3 64.93 bdl bdl 195 bdl 2.355 0.122 0.023 0.51 1.00 bdl 0.10 bdl 0.811 0.28 72.08
REA-165-1

747.3 65.36 0.02 bdl 2.06 bdl 2275 0.127 0.021 0.59 1.00 bdl 0.08 bdl 0.781 0.28 72.61
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Table 4.8 continued

REA-165-1
747.3
REA-165-1
747.3
REA-165-1
747.3
REA-165-1
747.3
REA-165-1
747.3
REA-165-1
747.3
REA-165-1
747.3
REA-165-1
747.3
REA-165-1
747.3
REA-165-1
747.3

53.09

60.10

60.22

66.05

62.36

48.54

49.74

45.95

49.37

49.06

bdl

bdl

bdl

bdl

0.50

2.10

0.82

0.83

0.80

0.87

0.79

bdl

bdl

bdl

2.79

1.75

1.50

1.89

1.46

1.65

2.33

4.02

5.77

1.34

2.45

8.62

9.62

9.76

9.69

9.57

bdl

bdl

bdl

bdl

bdl

0.14

bdl

bdl

bdl

bdl

7.560

4.418

1.478

2.294

2.408

3.112

3.271

3.281

3.012

2.756

4.932

2.484

0.628

0.115

0.129

0.484

0.654

0.541

0.672

0.530

0.027

0.022

0.044

0.042

bdl

0.014

bdl

0.020

0.025

0.023

0.11

0.22

0.34

0.36

0.94

3.65

1.81

1.79

1.72

1.80

4.84

3.10

3.59

1.04

0.92

7.25

10.75

9.45

11.72

9.71

bdl

bdl

badl

bdl

bdl

bdl

bdl

bdl

bdl

bdl

0.07

0.07

0.10

0.07

0.05

0.04

0.07

0.03

0.06

0.05

badl

bal

bal

bal

bal

badl

badl

badl

badl

bdl

0.704

0.679

0.585

0.838

1.068

0.787

0.719

0.625

0.666

0.693

0.27

0.34

0.42

0.25

0.34

0.68

0.55

0.58

0.59

0.56

74.72

75.45

73.17

72.40

73.96

77.18

79.51

74.75

79.78

77.26
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Table 4.9 Analyses for zircon associated with perched U alination, data in wt.%.

Spot

ID ZrO; HfO2, SiO; ThO, SmOsz Al203 SOz V203 CrO3 FeO CoO WOz CaO P,Os Total

1 66.11 1.21 34.193 bdl bdl bdl bdl bdl bdl bdl bdl 0.07 bdl 0.07 101.65
2 65.92 1.07 34.101 bdl bdl bdl 0.016 bdl bdl bdl bdl 0.08 bdl 0.07 101.26
3 66.14 1.22 34.375 bdl bdl bdl bdl bdl bdl bdl bdl 0.09 bdl 0.06 101.89
4 66.25 1.20 34.563 bdl bdl bdl bdl bdl bdl bdl bdl 0.05 bdl 0.06 102.12
5 64.99 1.10 33.188 bdl bdl 0.050 0.083 0.04 bdl 0.18 bdl 0.04 0.069 0.37 100.11
6 62.64 1.20 30.693 0.04 0.05 0.169 0.155 0.07 bdl 041 bdl 0.05 0.148 1.68 97.30
7 64.46 0.98 32.864 0.03 bdl 0.094 0.046 bdl bdl 0.17 bdl 0.05 0.095 0.59 99.38
8 65.66 1.10 33.909 bdl bdl bdl bdl bdl bdl 0.05 bdl 0.13 bdl 0.06 100.90
9 66.01 1.34 34.195 0.02 bdl bdl bdl bdl bdl 0.06 bdl 0.12 bdl 0.05 101.80
10 67.25 1.13 34.542 bdl bdl bdl 0.012 bdl bdl 0.04 0.03 0.08 bdl 0.07 103.16
11 65.76 1.05 34.012 bdl bdl bdl bdl bdl bdl 0.10 bdl 0.12 bdl 0.07 101.12
12 64.43 1.12 34.468 bdl bdl bdl bdl bdl bdl 0.09 bdl 0.09 bdl 0.05 100.25
13 64.92 1.07 33.465 bdl bdl bdl bdl bdl 0.02 0.06 bdl 0.08 bdl 0.06 99.68

Table 4.10 Site occupancy of major cations in zircon basddur O.
Spot ID SiV

Zr VI

Hf VI

1.02
1.02
1.02
1.038
1.01
0.96
1.00
1.02
1.02
1.02
1.02
1.04
1.02

0.96
0.96
0.96
0.96
0.96
0.95
0.96
0.96
0.96
0.97
0.96
0.95
0.96

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
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Table 4.11 Analyses for U-altered zircon, data in wt.%. €élelinental dataset in Appendix 1.

SpotID UO, ZrO; HfO2 ThO, S0z Y203 SiO, A0z TiO2 V203 FEO CoO CaO P.Os SO; Total
1 13.00 33.36 156 0.41 0.956 1.76 9.768 0.917 0.60 0.44 3.00 0.17 1.163 10.12 2.277 79.72
2 13.91 36.29 1.08 0.46 1.044 0.89 10.922 1.029 0.65 0.44 294 0.15 1.374 10.88 2.722 85.00
3 12.58 34.04 1.15 0.49 0.982 0.53 8.872 0.817 0.66 0.43 2.73 0.14 1.296 9.76 1.987 76.74
4 11.45 42.45 1.18 0.41 0.912 0.52 14.047 1.222 0.62 0.34 292 0.21 1.235 10.41 1.117 89.31
5 20.40 35.08 1.23 0.66 0.828 0.63 11.136 0.941 0.67 0.50 3.17 0.14 1.460 11.80 0.283 89.40
6 19.96 36.53 1.14 0.73 0.844 bdl 11.822 0.952 0.65 0.52 2.92 0.17 1.511 12.11 0.412 90.55
7 20.11 31.46 1.10 0.71 0.847 0.66 8.468 1.080 0.68 0.58 3.48 0.20 1.422 10.85 0.910 82.95
8 2253 33.15 1.12 0.62 0.740 0.62 10.523 0.771 0.66 0.61 4.22 0.22 1.381 12.37 0.831 90.76
9 22.04 34.39 1.14 0.62 0.791 0.60 11.084 0.989 0.65 0.58 3.21 0.20 1.454 12.09 0.592 90.82
10 24.12 32.37 0.96 0.61 0.719 0.49 10.740 0.929 0.66 0.66 3.88 0.27 1.448 12.76 1.003 92.02
11 23.27 28.75 1.04 0.47 0.707 054 9.487 0.725 0.64 0.81 4.60 0.22 1.452 11.55 1.480 86.08
12 21.65 27.69 098 0.54 0.739 0.61 9.171 0.673 0.62 0.63 3.90 0.25 1.434 10.11 0.888 80.29
13 22.82 28.62 111 0.54 0.666 0.60 9.848 0.843 0.64 0.63 4.07 0.25 1.414 11.38 1.769 85.51
14 20.39 32.04 1.18 0.64 0.798 0.61 10.034 0.782 0.67 0.52 3.88 0.21 1.399 11.26 0.361 85.21
15 19.92 33.35 1.17 0.65 0.788 0.55 10.982 0.947 0.65 0.55 3.67 0.26 1.330 11.33 1.484 87.96
16 23.31 30.09 1.12 0.57 0.632 0.28 12.444 1.063 0.70 0.54 3.66 0.27 1.299 12.01 1.816 90.11
17 22.12 28.94 1.04 0.62 0.651 0.58 8.745 0.786 0.68 0.60 4.04 0.35 1.379 10.90 1.944 84.12
18 24.09 32.35 1.14 0.56 0.695 0.43 10.641 0.9/8 0.69 0.62 4.31 0.27 1.411 12.88 1.389 92.81
19 20.62 2753 1.35 0.59 0.649 0.67 9.337 0.849 0.61 0.56 4.05 0.37 1.319 10.16 1.916 81.11
20 23.00 33.00 1.11 0.69 0.688 0.52 11.053 1.008 0.67 0.63 3.79 0.24 1.279 12.20 1.333 91.46
21 23.27 30.42 1.04 0.58 0.638 0.69 9.949 0.768 0.63 0.76 4.83 0.25 1.192 10.86 0.865 87.25
22 23.21 3256 1.30 0.68 0.700 0.64 10.974 1.159 0.67 0.60 3.88 0.22 1.298 12.24 1.410 91.98
23 21.43 35.10 1.26 0.81 0.793 0.63 11.410 1.194 0.66 0.57 3.32 0.30 1.405 12.34 0.394 91.97
24 21.67 3191 109 0.76 0.748 0.63 10.013 0.879 0.69 0.61 3.55 0.27 1.381 11.76 1.879 88.33
25 19.75 33.84 1.20 0.76 0.807 0.56 10.203 0.890 0.65 0.58 3.31 0.26 1.408 11.56 0.688 86.89
26 20.13 37.98 1.27 0.73 0.845 0.48 12.034 0.988 0.70 0.57 3.84 0.27 1.412 11.32 1.392 94.19
27 20.38 36.41 117 0.65 0.806 0.33 11.384 0.955 0.71 0.60 3.87 0.20 1.338 12.49 0.347 92.01
28 21.44 33.85 1.21 0.64 0.787 0.55 10.820 0.978 0.67 0.61 3.76 0.20 1.417 12.02 1.329 90.69
29 21.36 29.40 1.16 0.59 0.691 0.53 8.563 0.722 0.60 0.67 3.83 0.25 1.322 11.21 1.938 83.23
30 23.96 29.86 1.05 0.63 0.667 0.40 9.734 0.816 0.71 0.73 4.30 0.35 1.452 12.07 1.279 88.36
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Table 4.11 continued

31 18.18 27.70 1.20 0.66 0.811 0.58 8.184 0.661 0.64 0.59 3.90 0.25 1.366 9.71 1.366 76.32
32 22.11 32.20 1.17 0.61 0.713 0.62 9.862 0.759 0.67 0.65 4.08 0.26 1.324 11.59 1.434 88.50

Table 4.12 Site occupancy of major cations in U-altenedzibased on four O.

Spot Total Total
ID SiIV FiV Al v \VJ ZI’V”' HfVIII ThVIII UVIII (Y+Sm+Er)V”| FeVIII VIl
1 041 036 005 082 068 002 0.00 0.12 0.04 0.11 0.97
2 042 036 005 083 069 001 0.00 0.12 0.02 0.10 0.94
3 039 036 004 079 073 001 0.00 0.12 0.02 0.10 0.98
4 051 032 005 089 076 001 0.00 0.09 0.01 0.09 0.97
5 044 039 004 088 067 001 001 0.18 0.02 0.10 0.99
6 045 039 004 08 068 001 0.01 0.17 0.00 0.09 0.97
7 0.37 040 006 082 066 001 0.01 0.19 0.02 0.13 1.02
8 041 041 004 08 063 0.01 0.01 0.20 0.02 0.14 1.00
9 043 040 005 087 065 0.01 0.01 0.19 0.01 0.10 0.98
10 041 042 004 087 061 001 0.01 0.21 0.01 0.13 0.97
11 039 041 0.04 084 058 0.01 0.00 0.22 0.01 0.16 0.99
12 041 039 004 084 061 001 0.01 0.22 0.02 0.15 1.01
13 041 040 004 085 058 001 0.01 0.21 0.02 0.14 0.96
14 042 040 004 086 065 001 0.01 0.19 0.02 0.14 1.01
15 043 038 004 086 064 001 0.01 0.18 0.01 0.12 0.97
16 048 039 005 091 056 001 0.00 0.20 0.01 0.12 0.90
17 037 039 004 081 060 001 0.01 0.21 0.02 0.14 0.99
18 040 041 004 086 060 0.01 0.00 0.20 0.01 0.14 0.97
19 041 038 004 083 059 002 0.01 0.20 0.02 0.15 0.98
20 043 040 005 087 062 001 0.01 o0.20 0.01 0.12 0.97
21 041 038 004 083 062 001 0.01 0.22 0.02 0.17 1.03
22 042 040 005 087 061 001 0.01 o0.20 0.02 0.12 0.96
23 044 040 005 089 065 001 0.01 o0.18 0.01 0.11 0.98
24 040 040 004 084 062 001 0.01 O0.29 0.02 0.12 0.96
25 041 040 004 08 067 001 0.01 o0.18 0.02 0.11 0.99
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Table 4.12 continued

26 044 035 004 084 068 001 0.01 0.17 0.01 0.12 1.00
27 043 040 004 088 067 001 0.01 0.17 0.01 0.12 0.99
28 042 039 004 086 064 001 0.01 o0.18 0.01 0.12 0.97
29 0.37 041 004 081 061 001 0.01 0.20 0.02 0.14 0.98
30 039 041 004 08 059 001 001 0.22 0.01 0.15 0.98
31 0.38 038 0.04 080 063 0.02 0.01 0.19 0.02 0.15 1.01
32 040 039 004 083 063 001 0.01 0.20 0.02 0.14 1.00
B
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Fig. 4.28 Electron microprobe analysis spot location#. zircon and B. uranium-altered zircon.
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Fig. 4.29 High-resolution BSE images of unaltered zircacoimtact with uranium-altered zircon.
Uranium-altered zircon is compositionally heterogeneauthe micron to submicron scale, with
U-rich regions near fractures and porosity in the zirco

4.4.1 Pre-ore alteration

Fayek and Kyser (1997) propose that alteration of dethitaidpatite in the Athabasca
Group to F-poor APS minerals, liberated F into basinal$lugshd that fluoride and phosphate
complexes were a significant means of transporting U ariel REEng the precipitation of
primary uraninite. Both uranium fluoride and phosphate cergd are significant at a pH of
a DQG & <@E3R at 200°C (Langmuir, 1978; Janeczek and Ewing, 1992), providing an

approximate value for the pH and oxygen fugacity in uranifebagmal fluids.

Previous studies of hydrothermal breccia associatedwibnformity-related uranium
deposits note the quartz corrosion observed in the cugtghy, and conclude that the
morphology of corroded quartz is consistent with axtbal rather than mechanical origin
(Lorilleux et al., 2002). The nearly complete corrosidaetrital and euhedral quartz in
sandstone-hosted ore bodies indicates that quartz @reesives an important role in making

space for the precipitation of massive uraninite (Cuney, 2009)

This study has shown that the quartz corrosion evenfolesed by the formation of
the minerals F-bearing Mg-sudoite, dravite (Adlakha, 2016)y#patite, and Fe-sudoite. This

suggests that fluids involved in the formation of the oxmlimeneral assemblage were F-
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bearing, and that aqueous fluoride may have played anrglgartz corrosion (Mitra and
Rimstidt, 2009). Alternatively, experiments by Dove and Nix (1%®i0w that the presence of
group | and Il cations in hydrothermal fluids signifidgrénhances quartz dissolution ratéee
association of corroded quartz with Mg-sudoite, dravite fladapatite alteration is consistent
with the presence of Mg- and Ca-bearing fluids, suggedtaiget fluid rich in these cations may
have enhanced quartz dissolution. Fluid inclusion studigeatearby McArthur River uranium
mine by Derome et al. (2005) indicate the presence of:GadlMgC} in fluids near the P2
fault. They suggest the addition of Ca and Mg to fluids oeduduring interaction of NaCl-rich
basinal fluids with the metamorphic basement. Bleachirigeo€C-10 alteration zone may have
been a result of leaching of Ca and Mg from feldsparb@otite. This may explain why quartz
corrosion is most intense in sudoitized sandstone atrtbenformity and in sudoitized basement
rocks. The B needed to form dravite is likely derived flmaporite beds in the Athabasca
Group, and is consistent with the source of the pril&§I-rich fluids as proposed by Derome
et al. (2005).

Comparison of fluoride- and group Il cation-facilitated dquaissolution rates at a pH of
~5 shows that group Il cations have a significantly graatpact on dissolution rates than
fluoride, except at fluoride concentrations > 1.0 mol/kg (Dawe Nix, 1997; Mitra and
Rimstidt, 2009). Typical fluoride concentrations in bashrades are approximately 1x£@o
1.0x10* mol/kg (White, 1963), with Fayek and Kyser (1997) using a value of #60mol/kg
for F-rich fluids in the Athabasca Basin; at these fll®concentrations group Il elements are
orders of magnitude more effective at increasing quarteldissn rates. This suggests that the
incorporation of group 1l cations into basinal fluids durihg alteration of the basement along
the C-10 fault played a key role in facilitating quartz esisn and making space for uraninite

ore bodies.

Dravite-sudoite alteration is invariably followed by a reducé@tenal assemblage
consisting of euhedral pyrite, chalcopyrite, and NigDdarsenide minerals. Other reduced
phases are present depending on the lithology and prostiortie unconformity. Primary
uraninite mineralization occurred at the unconformity aloiif precipitation of the reduced

mineral assemblage. A post-ore oxidation event is septed by secondary uranium phosphate
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minerals, alteration of galena to anglesite, and partrabhiezation of pyrite. Late stage

carbonate veins are common in all lithologies exceppérched uranium occurrences.

Replacement of pre-ore sulfide minerals by Mg- and Feisuohothe unconformity-
related ore zone, chlorite breccia, and the shallow Gté&fation zone is characteristic of the
paragenesis immediately before precipitation of the rdlugneral assemblage. This suggests
that pre-ore sulfide minerals were oxidized by basinal bviité, incorporation of the resulting

Fe** into the sudoite structure, and the consequent reductitve dasinal fluids.

Sudoite is a di-trioctahedral chlorite that can incoapeFé* into the dioctahedral layer.
Billault et al. (2002) and Ng et al. (2013) conducted studies osttheture and chemistry of Fe-
sudoite from the Athabasca Basin. Using Mdssbauer spegpyp$hese authors confirmed that
significant amounts of Fé&is incorporated in the sudoite structure, with as mscs6ac0% of
the total iron being Fé. Ng et al. noted that sudoite surrounding uraninite deposits gedtai
more total Fe than sudoite from barren locations, andogezpthat higher concentrations of
mobile Fé* contributed to U mineralization. We propose that sandstosted Pyprovides an

abundant source of Fe which when oxidized is incorporated into Fe-sudoite.

4.4.2 Ore-stage alteration

Sulfide mineral§ he trend towards increasing Cu contents over time fidsuhinerals
from the unconformity-related ore zone, chlorite brecaia the C-10 alteration zone is most
easily explained by the continual reduction of Cu frombdnal fluid during formation of the
reduced mineral assemblage. Abundant red-bed sandstdweNtanitou Falls Formation are the
most likely source of Cu. Increasing Ni and Co contanssilfide minerals as a function of
proximity to the unconformity suggest a basinal source fandiCo, and decreasing fluid-rock
ratios with depth below the unconformity. The gradatioohddrite compositions in the C-10
alteration zone from clinochlore-amesite to Mg-sudwité proximity to the unconformity also
suggest decreasing basinal fluid-rock ratios with depthabtie unconformity. Chlorite from

the unconformity-related ore zone, chlorite breccia,thadntersection of the C-10 alteration
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zone with the unconformity have elevated Fe contemiig;zative of a reaction at the
unconformity supplying Fe for incorporation into Fe-sudoite.

The lack of petrographic evidence for significant graphitgrdetion, and the
paragenetic relationship of hydrocarbon buttons after pyimnaminite mineralization supports
the contention of Kyser et al. (1988) that graphite does agtgpsignificant role as a reductant
in unconformity-related deposits. It is likely as Kyser e{H89) hypothesize, thatHerived
from the radiolysis of water by primary uraninite reagith graphite, producing methane that
ultimately forms hydrocarbon buttons such as the traceiate observed at Fox Lake.

The occurrence of marcasite in the chlorite brecarmbe used as a constraint on the
physicochemical conditions during formation of the reducetrai assemblage between the
formation of euhedral Byand vein-hosted ByExperiments by Murowchick and Barnes (1986)
determined that marcasite forms under a restricted seinditions with a pH < 5, temperature <
240°C, and in the presence of agueouS;HPreservation of marcasite over multi-million year
timescales requires post-formation temperatures < 16@fi@e Forms at a pH > 5 where
aqueous HS dominates over §$,. The occurrence of euhedral-efore the precipitation of
marcasite, and vein-hostedsRfter the precipitation of marcasite indicates adient drop in
pH possibly related to the oxidation of2Ry the ore zone and the replacement of ByUrmn
(Reynold and Goldhaber, 1983; Murowchick and Barnes, 1986).

Uranium mineralsThorium has a single tetravalent oxidation state andlyesubstitutes
for U**in uraninite. Unlike U which is easily mobilized by aqueous salstigpon oxidation of
U**to U'6, Th is not affected by redox processes, and is immobilesifileside ions are
present (Finch and Murakami, 1999; Hazen et al., 2009). Thenpeesé Th in APS minerals
and uraninite suggests the removal of fluoride from thefanmaing fluid, perhaps as
consequence of the intense fluorapatite, dravite, and sualtdtration in the C-10 alteration
zone; and quartz destruction and sudoitization near thenforoaity. If this is the case, then
alteration of the C-10 alteration zone and rocks ri@aunconformity may have immediately

preceded unconformity-hosted uraninite precipitation.
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Uranyl fluoride complexes are significant at pH <5, withggftate complexes significant
over a pH range of 4.0-7.5 (Langmuir, 1978). Constrainfstbfrom the presence of marcasite
show that pH values were at least transiently within tHeibride and well within the U-
phosphate complex dominated regimes. Fayek and Kyser (199habté-chloride complexes
may play a role in high-salinity fluids. Removalfiforide and phosphate from solution through
mineral precipitation reduces the mobility of'tand contributes to uraninite or coffinite
precipitation (Langmuir, 1978). The presence of intenssdlpatite, sudoite, and dravite
alteration before uraninite precipitation suggests #nabwal of fluoride and phosphate from
basinal fluids may have contributed to the formation ahumte ore bodies.

The U-altered zircon associated with the perched U omucgrhas exceptionally high U
concentrations for zircon, up to 24.1 wt% tJ®@he current maximum U concentration for a
zircon is 14.8 wt.% U@from the P-rich granite at Podlesi, Czech Republic (Era006)
Studies of the USi®ZrSiOs system suggest that there is a miscibility gap for zhaaffinite
solid solutions, with a maximum coffinite content of £20@mole % in zircon (Mumpton and
Roy, 1960, Speer, 1980; Speer and Cooper, 1982). Every analysalterétl zircon indicates
substantially more of the coffinite component than maxinpossible coffinite content noted
above. The micron to submicron compositional heterogesedr in high-magnification BSE
imagery (Fig. 29) suggests that there may be discreet sboeffinite and zircon smaller than
the analytical spot size. If this is the case, thefhyaaa represent an averaged zircon and

coffinite composition.

4.4.3 Genetic Model

Unconformity-hosted W is hypothesized here that oxidized basinal fluids peteetra
into the basement along the unconformity near the Clf) &nd became reduced upon the
oxidation of fault- and sandstone-hosted Fe-vaesite yite: pThe resulting F& was
incorporated into sudoite formed by coeval chloritizatiothefhost rock, and what $0Odid not
remain in solution was incorporated into APS mineralffusisotope investigations of sulfide
and sulfarsenide minerals at Fox Lake h&¥/& values of ~0to 18 IRU PHWDPRUSKLF S\UI

and pre-ore sandstone-hosted pyrite; whilgi-and sulfide minerals in the middle C-10

15¢



alteration zone havé&'s values of ~ -5 to -2 Chapter 5 of this thesis). These results are
consistent with the oxidation of pyrite by thiosulfatepdoportionation and the paragenesis
developed in this study; and explain the establishment of reglooimditions at the
unconformity during the oxidation of pyrite (Granger and Wari®69; Goldhaber et al., 1978;
Uyama et al., 1985). Langmuir (1978) and Scott et al. (2007) abthahoxidation of F& in
pyrite to Fé* and SG* is a potential reduction reaction to precipitate urananite coffinite.

This reduction mechanism is consistent with the petrogragidservations of uraninite replacing
Py> and compositional analysis of Fe-sudoite seen replagingeported in the current study.

Mobility of U** is suppressed by removal of fluoride and phosphate framticoby
means of precipitation of phosphate and F-bearing mingrahgymuir, 1978), and may have
contributed to precipitation or stabilization of uranirated coffinite. The paragenetic
relationships between fluorapatite, sudoite, dravite andnitarsiupports the hypothesis of
removal of fluoride from ore-forming fluids and the pp#@ation and stabilization of Th-bearing

uraninite.

Perched-UPerched U occurrences at Fox Lake have a compositisistemt with a
solid solution or mixture of zircon and coffinite. Anadgsof U-altered of zircon suggests that
kaolinite-hosted U mineralization consists of the spimese. The association of kaolinite-hosted
U with sulfide minerals indicates that U is reduced, aswsistent with a solid solution or

mixture of zircon and coffinite.

Perched-U at Fox Lake is structurally controlled by dtegpping faults. The fault
enhanced fluid flow and heavy mineral beds including detritalepgtnd zircon provided a
chemical control on mineralization. The high U actiwityfluids needed for U alteration of
zircon was possibly caused by remobilization of unconformitgted U. The remobilized U was
transported above the unconformity along the fault aadipitated upon encountering reduced

sulfide minerals.
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Fig. 4.30 Schematic cross-section depicting proposed genetiel for the Fox Lake uranium
deposit.

4.5 Conclusions

The alteration paragenesis at Fox Lake comprises eempknt of sandstone-hosted
pyrite and basement-hosted Fe-vaesite veins, quartsanrollowed by an oxidized mineral
assemblage, a reduced mineral assemblage, and late U-gho$fenaatite, and carbonate
alteration. Core logging has shown that the sandstom@mbto the C-10 fault hosts abundant
pre-ore pyrite. Quartz corrosion is most intense rieauhconformity, and played a critical role
in making space for uraninite ore bodies. Sandstone-hpgted is corroded and replaced by
Fe-sudoite, constituting a E#Fe?* redox couple, suggesting that oxidizing basinal fluids are

responsible for alteration of the pyrite. Sulfur isotopalgsis of sulfide and sulfarsenide
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minerals indicates that oxidation of pyrite occurred by thifage disproportionation. Thiosulfate
disproportionation increases the reduction potential thrpugtipitation of a second generation
of pyrite, is a key component in the reduction of Walh-front deposits, and likely serves as the
primary mechanism for establishing reducing conditionsxconformity-related uranium
deposits. Electron microprobe analysis of chlorite atftdsuminerals from the C-10 alteration
zone suggests the ingress of basin derived fluids into tleeneas along the C-10 fault zone,
with the fluids becoming increasingly rock buffered witiptie
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CHAPTER 5

ABIOTIC SULFUR ISOTOPE FRACTIONATION IN SULFIDE MINERALS AT THEOX
LAKE UNCONFORMITY-RELATED URANIUM DEPOSIT, ATHABASCA BASIN
CANADA: EVIDENCE FOR THIOSULFATE DISPROPORTIONATION

A paper to be submitted ©hemical Geology

John DeDecker, Thomas Monecke, and Michael Pribil

Abstract

The Fox Lake unconformity-related U deposit is locatetthé eastern Athabasca Basin,
10 km west of the McArthur River U deposit. Fox Lake is mglex-type deposit with abundant
sulfide and sulfarsenide minerals. Here we report a new patagseguence for alteration
minerals, compositional data for sulfide and sulfarseniagerals determined by electron
microprobe analysis, and MCA-ICP-MS measurements of sulfur isotopes in sulfide and

sulfarsenide minerals.

Petrographic and sulfur isotope investigations show thdathe amount of pre-ore
pyrite occurring in sandstone above the C-10 fault watized by thiosulfate disproportionation
and replaced by Fe-sudoite and a second generation of fyréevidence suggests that the
oxidation of pre-ore sulfide minerals by basinal fluids ltesuin the precipitation of uraninite.
These results are consistent with the genetic modpbpeal for the world-class McArthur River
unconformity-related U deposit, and supports a general gemetiel for unconformity-related
U deposits that invokes the oxidation of pre-ore pyrite bysthiate disproportionation as the

key reduction mechanism for the formation of uraninite lmydies.
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Introduction

The Fox Lake uranium deposit is an unconformity-related wnaxeposit in the eastern
Athabasca Basin, Canada. Ore bodies are located iatehgection of the C-10 fault zone and
the unconformity between the basal conglomerate o¥fdmsitou Falls Formation and
metamorphic basement rock. Fox Lake has inferred resoaf@&86,700 tons with an average
grade of 7.99% kDs equivalent (Cameco, 2015).

Traditional genetic models for unconformity-related uran@eposits are based on the
water solubility of the oxidized uranyl ion (4®") and insolubility of reduced UQUranium is
leached from U-bearing detrital minerals in basinal sedtiemg rocks, or from uranium-bearing
minerals in the shallow metamorphic basement by oxidizingnabiilids. The uraniferous fluid
flows through rocks at the unconformity and interacts witkductant, precipitating uraninite
(UO2) from solution and forming ore bodies (Hoeve and Sibbald, 19T&)nature of the
reductant is unknown (Mercadier et al., 2010; Adlakha and H&2fi5), with hypotheses
invoking reducing basement rock (Hoeve and Sibbald, 1978) omkaselerived reducing
fluids (Wilson and Kyser, 1987).

Investigations of S isotope fractionation can elucidla¢eprocesses involved in redox
reactions between sulfide minerals and hydrothermal fl@denoto and Lasaga, 1982; Uyama
et al., 1985). The association of syngenetic sulfide mineitisuraninite makes S isotope
analysis ideal for investigating redox reactions during dhendtion of unconformity-related U
deposits. Here we review key observations supporting the mineaglgreesis and pyrite
oxidation, and report new multicollector LA-ICP-MS sulfsotope investigations of sulfide and
sulfarsenide minerals at Fox Lake. The results ofisigbtope investigations reported here have

significant implications for the genesis of unconformityatetl uranium deposits.
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5.1 Geological Background

The Fox Lake uranium deposit is located in the eastdrab&sca Basin, approximately
10 km due west of the McArthur River unconformity-related urangdeposit (Fig. 5.1). The
location of ore bodies are controlled by the interseotif the east-west trending C-10 strike-slip
fault with the unconformity between the 1800-1840 Ma metamotmmsement rocks primarily
composed of pelite and the overlying Manitou Falls sandstameh represents a member of the
1680-1750 Ma Athabasca Group (Fig. 5.2) (Annesley et al. 2005). battern Athabasca basin
the northeast trending faults typically show post-Attsala reverse displacement (e.g. McArthur
River) and the E-W (e.g. Cigar Lake and Fox Lake) and EN: C-10) faults appear to
indicate post-Athabasca strike-slip displacement. Thddatures of Fox Lake and Cigar Lake
are the E-W orientation, the lack of significant vetioffset at the unconformity-fault
intersection other than a small positive flower e, the limited depth extent of the
mineralization, and an ore-stage polymetallic mineral asksgya. The Fox Lake and Cigar Lake
deposits are both associated with intensely altered mylaoities in the basement.

Unconformity-related uranium ore bodies in the Athaadd3asin are classified as
mineralogically simple or complex (Fayek and Kyser, 1997; KgadrCuney, 2009). Simple
deposits consist of relatively pure uraninite are genexatigteéd greater than 50 m below the
unconformity within the basement. In contrast, complextmdies are sandstone-hosted and
contain sulfide and Co-Ni sulfarsenide minerals in additiouraninite. Ore bodies at Fox Lake

and Cigar Lake are of the complex type (Bruneton, 1987).

5.2 Methods and Materials

Field work performed at Fox Lake consisted of drill cogglag and the collection of
representative samples for laboratory investigationdl. idles REA-165, REA-165-1, REA-
165-3, and REA-165-4 were logged from the sandstone above thefamrmaiby, through the ore
body, chlorite breccia below the ore body, the C-1Q fzare, altered rock below the C-10 fault,
and into fresh rock deeper in the basement (Fig. 5.1). Aab4®0 m of drill core was logged.

Core logging consisted of identifying major minerals, describiag type and fabric, noting
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alteration styles and bleaching with their relative intgnand measuring depths of fault zones.
Representative samples of altered and unaltered sedmnanthbasement rock were collected.
All samples were labelled using the drill hole identificata depth interval. Emphasis was
placed on selecting unaltered, altered, ore-bearing, diidesbearing samples for thin section
preparation, petrographic, XRD, and trace element, andLMICP-MS sulfur isotope

investigations.

Fig. 5.1.Map of basement geology at the unconformity, and crogg@eeshowing the locations
of the drill cores logged and sampled for this study.
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In situ measurements of the sulfur isotopic compositicsullide and sulfarsenide
minerals were conducted at the U.S. Geological Survey in De@worado, using a Nu
Instruments laser ablation-multicollector-inductivebupled plasma-mass spectrometer (MC-
LA-ICP-MS). A detailed description of the analytical protasajiven by Pribil et al. (2015).

To monitor for instrumental drift of the MCA-ICP-MS, an in-house ZnS glass
reference material was analyzed after each batchred tinknown samples. Th&*Ssuisde
isotopic composition for this in-house reference mdtesgs previously established at the U.S.
Stable Isotope Laboratory using conventional isotopic analggidoging a Delta Plus XP
Thermofinnigan continuous flow isotopic ratio mass speattemwith an attached CE Elantech
Flash2000 elemental analyzer that was operated at 1,030°C untiaucas He flow following
the procedures of Giesemann et al. (1994) and Carmody(£988). The isotopic composition
of the in-house reference materi&@'Ssuiice = 0.78A) was additionally tested against NIST RM
8554 (IAEA S-1) by MCLA-ICP-MS for homogeneity. Three NIST reference make({l@M
8556, RM 8529, and RM 8554), together with a set of previously cheractgyrite materials,
were then analyzed by MCA-ICP-MS to construct the¥*Ssuqe calibration curve.

Ablation of the sulfide and sulfarsenides was conducted adigw Wave Research UP
213 nm Nd:YAG solid state laser. Spot sizes of ~15 td?8Qvere used. The laser energy
ranged from 1.5 to 2.5 J/énTThe ablated sample material was carried to the massepeter
through a gas mixing chamber using ultra-high purity He witbva rate of 0.77 ml/min and a
make-up Ar gas flow rate of 0.90 ml/min. Repeated analysisfefence materials shows that
the instrumental precision was 0852 V). In total, 67 spots on 8 representative samples were
analyzed (Table 5.1). All analyses were normalized to the Vi€@man Diablo Troilite (VCDT)

standard.
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5.3 Results

5.3.1. Macroscopic Observations

The following is a summary of macroscopic observatatained during systematic core

logging.

Sandstone tens of meters or more from the uncortipnelated ore zone is composed of
mature detrital quartz sand grains with beds of quartz pebbiglomerate. The sandstone is
variably hematized and cut by euhedral quartz veins. Pynitenonly coats euhedral quartz
crystals. Less than ten meters from the unconformitggity in the sandstone is filled with
sooty to massive pyrite giving the rock a grey to black célgdrocarbon buttons are
disseminated in chlorite in the upper part of the ore-z8aadstone within two meters of the
unconformity is intensely chloritized, contains sparsetreluartz pebbles, and is radioactive due
to abundant uraninite disseminated throughout the rock. Thmfommity is indistinct because
of intense quartz destruction in both sedimentary andmmaiphic basement rocks. The deepest

occurrence of remnant quartz pebbles was used to consgdocation of the unconformity.

Chlorite breccia constitutes the basement immedgiseheath the unconformity. Chlorite
breccia is characterized by intensely chloritized fragsyehmetamorphic basement rock with a
breccia fill of dravite and sudoite, with sulfide minerajglrocarbon buttons visible in the

breccia fill.

The C-10 fault zone is hosted in graphitic rocks. Ro¢kénC-10 fault zone is
brecciated, with a breccia fill composed of dravite anseleamounts of euhedral hydrothermal
guartz. The C-10 alteration zone is immediately belowC fault zone. The C-10 alteration
zone is characterized by intensely bleached, chloritizetisiéicified breccia and mylonite. The
metamorphic fabric and minerals in rocks approaching the Ctd@tidn zone become

progressively indistinct, and are almost completely efaiied inside the zone.
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Immediately below the C-10 alteration zone the rodhisritized and bleached, but
metamorphic foliation is distinct. Chloritization anddit@ing are weak more than ten meters
below the C-10 alteration zone. Gneiss more than twaetgrs below the C-10 alteration zone

is not altered beyond retrograde metamorphic chloritimati

5.32 Paragenesis of Alteration Minerals at Fox Lake U Deposit

The varied lithologies at Fox Lake necessitated tbeofiglistinct paragenetic sequences
for each lithology to adequately describe temporal vanatio alteration mineralogy. We
present parageneses for the unconformity-related ore tiedghlorite breccia, and the C-10
alteration zone. The trend of a pre-oxidation minerarasttage followed by an oxidized
mineral assemblage, a reduced mineral assemblage, aattdaa¢ion is common to all
lithologies suggesting the same processes acted upon thedepolgit. Key petrographic
relationships between sulfide, sulfarsenide, uraninite, dret atteration minerals are shown in
Figure 5.2. Figure 5.3 summarizes the paragenesis of ateraimerals for the unconformity-
related ore body, the chlorite breccia, and the C-1@atib@ zone.

Unconformity-related ore bodyetrital quartz is corroded and replaced by Mg-sudoite and
dravite. Pe-ore pyrite (Py) is interstitial to detrital quartz grains and is coreded replaced by
Fe-sudoite and euhedral pyrite @yPy: is partially replaced by Mg-sudoite, rutile, and
hydrocarbon buttons. This was followed by uraninite replacenidittb generations of pyrite,

and partial replacement of Plyy chalcopyrite.

Chlorite breccialTwo brecciation events occurred before the reduced miagsaimblage
formed. These brecciation events were followed by quemtizpyrite corrosion and pervasive
Mg- and Fe-sudoitization. Dravite is absent after the liirgtciation event, but largely
constitutes the breccia fill after the second bremsiagvent. A reduced mineral assemblage
composed of sulfide and sulfarsenide minerals, and hydrochthtims formed after the dravite.
Late alteration follows the reduced assemblage, and iaatkazed by uranium phosphate
minerals, xenotime, and hematite. Late stage calciteankerite veins crosscut all other mineral

assemblages.
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Fig. 5.2 BSE images of key sulfide and sulfarsenide minassisciated with the unconformity-
hosted ore bodies, chlorite breccia, and C-10 alterator. A. Sample REA-165-1 747.3 from
the unconformity-hosted ore body showing the replacewoie®y: by Mg-sudoite, euhedral Ry
and uraninite replacing Pgnd Py. B. and C. Sample REA-165-1 749.1 from the chlorite
breccia immediately below the unconformity showing chajatg replacement of marcasite and
partially hematized Py3 and late ankerite. D. and E. SaRpke-165-3 755.2 from the shallow
C-10 alteration zone showing Miagein, euhedral Ryintense sudoite and fluorapatite alteration,
Euhedral Nipy. with gersdorffite replacement of )y, and late calcite veins. F. Sample REA-
165 775.0 from the mid C-10 alteration zone showing euhedraafsrIMg-sudoite and APS
minerals.
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Fig. 5.3 Paragenesis of alteration minerals for the unconitfy-related ore body, the chlorite
breccia, and the C-10 alteration zone.

C-10 alteration zon®ost-metamorphic minerals are represented by clinochiaesijte
veins (Vas), and hydrothermal quartz associated with the silicificatif the C-10 alteration
zone. The oxidized mineral assemblage is characterizedrhysion and replacement of
metamorphic and hydrothermal quartz by Mg-sudoite and dravikewéx by precipitation of
fluorapatite in the porosity between Mg-sudoite sheetstlaoverprinting of Mg-sudoite by
Fe-sudoite. Clinochlore-amesite is the dominant chloritéegth, with chlorite compositions

trending towards Mg-sudoite with proximity to the unconforoc?S minerals occur with
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fluorapatite in the C-10 alteration zone distal to theomformity. The reduced mineral
assemblage is composed of euhedral Ni-pyrite veinpyNand Ni-py.), and a second
generation of vaesite Vaslhese minerals are partially replaced gersdorffite arehgall he last
alteration stage is represented by anglesite replaciegayaand calcite replacing . and Ni-
py2 and filling fractures.

5.3.3 Composition of Sulfide and Sulfarsenide Minerals

Electron microprobe analysis was used to determineotin@asition of sulfide and
sulfarsenide minerals, and to evaluate any spatially-depemdsation in composition
(DeDecker, 2019). Low cobalt, nickel, and copper concentratiosislide minerals from the
deep C-10 AZ and metamorphic pyrite, and a progressive emitlohthese elements with
proximity to the unconformity suggests ingress of oxidizedhbafluid into the basement and
increasing rock buffering with depth below unconformity (Figg and 5.5).
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Fig. 5.4 Ternary diagram showing variation in iron, nicleakl cobalt content of sulfide minerals
in the C-10 alteration zone as a function of depth bé&t@aunconformity.
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Fig. 5.5 Ternary diagram showing variation in iron, suléurg copper content of sulfide
minerals in the C-10 alteration zone as a function ofrdeelow the unconformity.

5.3.4 Sulfur Isotope Composition of Sulfide and Sulfarsenide Mimals
Figure 5.6 summarizes th&'s data (inA VCDT) for sulfide and sulfarsenide minerals
collected from the sandstone-hosted ore zone, thetehtweccia, the C-10 alteration zone, and

metamorphic pyrite contained in unaltered basement rocks

Sulfide minerals hosted in the sandstone and chlogieckar, and metamorphic pyrite
have &'S values between 2.57 and 1348 DQG VKRZ OLWWOH YDULDWLRQ ZLW
and sulfarsenide minerals from the C-10 alteration zoow slignificant isotopic variation

within and between samples wit®'S values ranging from- WR A
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Table 5.1Sulfur isotope data for minerals in the reduced mineral ddagmat Fox Lake.

Spot
size

Sample ID  Lithology Mineral (um) 345p25 &sA 9&'7
REA-165

745.6 Sandstone Pyl 30 0.0490493 7.28
REA-165

745.6 Sandstone Pyl 30 0.0490494 7.29
REA-165

745.6 Sandstone Pyl 30 0.0490571 7.44
REA-165

745.6 Sandstone Pyl 30 0.0490271 7.05
REA-165

745.6 Sandstone Pyl 30 0.0489628 5.73
REA-165

745.6 Sandstone Pyl 30 0.0488825 6.38
REA-165

745.6 Sandstone Ccp 30 0.0488754 9.13
REA-165

745.6 Sandstone Ccp 30 0.048817 7.92
REA-165

745.6 Sandstone Ccp 30 0.0487121 5.76
REA-165-1

747.3 Sandstone Pyl 30 0.0489925 12.28
REA-165-1

747.3 Sandstone Pyl 25 0.049032 13.09
REA-165-1

747.3 Sandstone Pyl 30 0.0490321 13.10
REA-165-1

747.3 Sandstone Py2 30 0.049030 13.18
REA-165-1

747.3 Sandstone Py2 30 0.0490133 13.01
REA-165-1

747.3 Sandstone Py2 30 0.049005 13.01
REA-165-1

747.3 Sandstone Py2 30 0.0489543 12.17
REA-165-1

747.3 Sandstone Py2 30 0.0489652 12.40
REA-165-1

747.3 Sandstone Py2 30 0.0489659 12.41
REA-165-1

748.8 Sandstone Py2 30 0.048857 10.59
REA-165-1

748.8 Sandstone Py2 30 0.0488011 9.44
REA-165-1

748.8 Sandstone Py2 30 0.0488815 11.10
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Table 5.1 continued

REA-165-1
748.8
REA-165-1
748.8
REA-165-1
748.8
REA-165-1
749.1
REA-165-1
749.1
REA-165-1
749.1
REA-165-1
749.1
REA-165-1
749.1
REA-165-1
749.1
REA-165-1
749.1
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2
REA-165-3
755.2

Sandstone

Sandstone

Sandstone

Chl breccia

Chl breccia

Chl breccia

Chl breccia

Chl breccia

Chl breccia

Chl breccia

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10AZ

C-10 AZ

C-10 AZ

Py2
Py2
Py2
Ccp
Ccp
Ccp
Mrc
Py5
Py5
Py5
Grs
Grs
Grs
Grs
Ni-Py
Ni-Py
Ni-Py
Ni-Py
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4

Euhedral
Py4

15

15

30

30

30

30

15

20

20

20

20

20

20

20

20

20

20

20

20

20

20

174

0.0488209

0.0488079

0.0487966

0.0488288

0.0487182

0.0488137

0.0489781

0.0487103

0.0488326

0.0488109

0.048414

0.0493095

0.0491821

0.048772

0.0489044

0.0479647

0.0485785

0.0481029

0.0505289

0.05023525

0.0501159

0.0505527

11.73

11.46

11.23

11.49

9.20

11.17

14.13

8.76

11.29

10.84

-7.39

10.95

8.34

0.21

2.93

-16.33

-3.50

-13.25

36.58

30.56

28.12

36.97



Table 5.1 continued

REA-165-3
755.2
REA-165-3
755.2
REA-165
775.0
REA-165
775.0
REA-165
775.0
REA-165
775.0
REA-165
775.0
REA-165
775.0
REA-165
775.0
REA-165
775.0
REA-165-1
812.2
REA-165-1
812.2
REA-165-1
812.2
REA-165-1
812.2
REA-165-1
812.2
REA-165-1
812.2
REA-165-1
812.2
REA-165-1
812.2

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

C-10 AZ

Vaesite

Vaesite
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4

Massive Py4
Massive Py4

Massive Py4

Euhedral
Py4
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4
Euhedral
Py4

15

15

30

20

20

20

20

30

30

20

30

30

30

20

20

30

20

0.0501011

0.049465

0.0493288

0.0493799

0.0476994

0.0495609

0.0485381

0.047958

0.0476092

0.0479328

0.048261

0.0476561

0.0478454

0.0488665

0.0493019

0.0483279

0.0489345

0.0491598

27.77

14.73

11.91

12.95

-21.49

16.82

-4.15

-15.99

-23.14

-16.51

-9.61

-22.01

-18.13

2.98

11.91

-7.86

4.58

9.21
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Table 5.1 continued

REA-165-1 Euhedral

812.2 C-10AZ Py4 20 0.048517 -3.98
REA-165-4 Unaltered Metamorphic

863.0 metamorphic Py 20 0.0489359 4.87
REA-165-4  Unaltered Metamorphic

863.0 metamorphic Py 20 0.0488903 3.93
REA-165-4 Unaltered Metamorphic

863.0 metamorphic Py 20 0.0488241 2.57

REA-165-4 Unaltered Metamorphic
863.0 metamorphic Py 20 0.0489333 4.81
Abbreviations: Ccp = chalcopyrite, Py = pyrite, Grs= gerfitl®, Ni-py= nickel pyrite, Mrc=
marcasite

5.4 Discussion

5.4.1 Proposed Genetic Model for Unconformity-related U Deposits

It is hypothesized here that oxidized basinal fluids pated into the basement along the
unconformity near the C-10 fault, and oxidized Fe-vaesitePy by thiosulfate
disproportionation. Thiosulfate disproportionation incesathe reduction potential through
precipitation of Nipyioand Py. The resulting F& was incorporated into Fe-sudoite and,50
was incorporated into APS minerals and potentially intideuminerals by means of
thermochemical sulfate reduction. Oxidation of'Fa pyrite to Fé" and SG* is a potential
reduction mechanism for precipitating uraninite (Langnil@78; Scott et al., 2007). This
reaction is consistent with the petrographic observatéasaninite replacing By Sulfur
isotope investigations of sulfide and sulfarsenide mineealse used to identify redox reactions
responsible for the formation of these minerals (Olonaoid Lasaga, 1982; Uyama et al., 1985),

and to evaluate the merits of the proposed genetic model.

5.4.2 Sulfur Isotope Compositions

Sulfur isotope compositions of metamorphic pyrite andgreesandstone-hosted pyrite
have &'S values of ~2.57t0 13.18 ZKLOH VXOILGH R0 gteraticn@onelh@ved KH &
large range of&'S values -23.14A to 36.97 A The estimated temperature during the formation

of unconformity-related uranium deposits in the Athab&asin is 180-230°¢Pagel et al.,
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1980). The record survivable temperature for hyperthermophtieba is 121°QKashefi and
Lovely, 2003; Takai et al., 2008), well below the temperature darnedormation at Fox Lake,
therefore bacterially facilitated S fractionation caneiminated as a possibility in syngenetic
minerals at Fox Lake. The®'S values in the C-10 alteraticare consistent with the oxidation of
pyrite by thiosulfate disproportionation, low fluid-rocitios, and the paragenesis developed in
this study; and explain the establishment of reducing conditiluring the oxidation of pyrite
(Granger and Warren, 1969; Goldhaber et al., 1978; Uyama &9856). The®'S of sandstone-
hosted Pyand chalcopyrite, and chlorite breccia-hosted sulfide rals@re similar to those of
pre-ore pyrite. These results are consistent with higt-flock ratios and intense oxidation of
pre-ore pyrite leading to secondary sulfide minerals wikoipic compositions similar to pre-ore

pyrite.

Oxidation of fault-hosted pre-ore pyrite by thiosulfate dipirtionation at McArthur
River resulted in the formation of a second generaifauhedral pyrite and the establishment of
reducing conditions leading to the precipitation of uranioie (DeDecker, 2019). It is possible
that similar interactions between basinal fluids andgueesulfide minerals hosted in the C-10
alteration zone occurred at Fox Lake. Pre-ore sulfide nmisisrat Fox Lake comprise interstitial
Py: in sandstone, metamorphic pyrite in unaltered baseroekj and vaesite veins found in the

shallow C-10 alteration zone.

Here we propose that oxidized basinal fluids enteredaserbent along the C-10 fault,
oxidized pre-existing sulfide minerals, altered the rockssaifide minerals below the C-10
fault, and became rock buffered with increasing depth. Dgiage&o and Ni concentrations in
sulfide minerals from the C-10 alteration zone with éasing depth are consistent with the
ingress of oxidized basinal fluids into the basement abad-10 fault, with fluids becoming
increasingly rock buffered with depth. The intense dliamaand S isotope fractionation in the C-
10 alteration zone are consistent with the ingressidiized basinal fluids into the basement.
Langmuir (1978) and Scott et al. (2007) contend that oxidafi¢ie?" in pyrite to Fé" and $ to
SOs* is a potential reduction mechanism for the precipitati@minite. This reduction
mechanism is consistent with the petrographic observabiomsaninite replacing Ry and of

Fe-sudoite replacing Ry



5.4 Conclusions

Sandstone-hosted pyrite is corroded and replaced by Féesummstituting a F&/Fe?*
redox couple, suggesting that oxidizing basinal fluids are reggerior Fe-sudoite alteration of
the pyrite. Sulfur isotope analysis of sulfide and sudflaide minerals indicates that oxidation of
pyrite occurred by thiosulfate disproportionation. Thieel disproportionation increases the
reduction potential through precipitation of a second géperaf pyrite, is a key component in
the reduction of U in roll-front deposits, and likely serasghe primary mechanism for

establishing reducing conditions in unconformity-relatechiura deposits.

Our data show that there is no need to invoke a basemeveele=ducing fluids in the
genetic model. Fluid-rock interaction between basinadl$§l and metamorphic basement rocks
and pre-ore pyrite can account for the alteration mingyaand formation of unconformity-
hosted uraninite ore bodies.
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CHAPTER 6

CONCLUSIONS

A comprehensive investigation of the simple-type McArtRiver and complex-type Fox
Lake unconformity-related uranium deposits showed that alieratineralogy and parageneses
are generally similar between the two deposits. A genetic Inmoaxking the ingress of a basinal
fluid into the metamorphic basement is proposed thatuatsdor the alteration mineralogy and
precipitation of world-class uraninite ore bodies. Thigpter summarizes the findings of the
research and proposes further lines of research to dleg@dacesses operating during different

stages of the parageneses reported in this thesis.

6.1 Research Findings

Key research findings include the following:

1. This thesis developed a paragenesis and genetic modet feinthle-type unconformity-
related uranium deposit at McArthur River that is constsieth petrographic,
geochemical, and S isotope data. Sulfur-deficient faultekogyrite, replacement by
Fe*-bearing Fe-sudoite, and depletior?i8 are all consistent with oxidation of pyrite.
The precipitation of euhedral Pig consistent with pyrite oxidation by abiotic thiosulfate
disproportionation. The corrosion of Pand replacement by uraninite shows that Py
generated by thiosulfate disproportionation served as thetant for uraninite
mineralization. It is shown that fluid-rock ratios dexsed with depth below the
unconformity, and that transition metals were likely suplplig oxidized basinal fluids.
The data set shows that there is no need to invoke unkrasemient-derived reducing
fluids in the genetic model. Fluid-rock interaction betwbasinal fluids and
metamorphic basement rocks and fault-hosted pyrite caaictor the formation of the

alteration mineralogy and world-class uraninite ore dteMcArthur River.
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2. The comparative study of the complex-type unconfornaitgted uranium deposit at Fox
Lake shows a similar general paragenesis as McArthur,Riespite the complex
mineralogy of Fox Lake. Sudoitization of pre-ore pyrdepletion of*S in the C-10
alteration zone, and uraninite precipitation on euhqunatle, and evidence of rock
buffering of basinal fluids with depth below the unconfoynaite the key similarities
between McArthur River and Fox Lake. This suggests thetiganedel proposed for
McArthur River is applicable to Fox Lake, and perhaps toratheonformity-related

uranium deposits.

The alteration paragenesis at Fox Lake comprises eemp&&t of sandstone-hosted
pyrite and basement-hosted Fe-vaesite veins, quartzsmrollowed by an oxidized
mineral assemblage, a reduced mineral assemblage, aktpa@sphate, hematite, and
carbonate alteration.

Core logging has shown that the sandstone proximal to tt@ f@ult hosts abundant pre-
ore pyrite. Quartz corrosion is most intense near thenioowoity, and played a critical
role in making space for uraninite ore bodies. Sandstostdh@yrite is corroded and
replaced by Fe-sudoite, constituting &fee?* redox couple, suggesting that oxidizing
basinal fluids are responsible for Fe-sudoite alteratfadhe pyrite. Electron microprobe
analysis of chlorite and sulfide minerals from the C-1ération zone suggests the
ingress of basin derived fluids into the basement alon@ti0 fault zone, with the
fluids becoming increasingly rock buffered with depth. Sulotope analysis of sulfide
and sulfarsenide minerals indicates that oxidation of@wagcurred by thiosulfate
disproportionation. Thiosulfate disproportionation incesathe reduction potential
through precipitation of a second generation of pyrites Tkely serves as the primary
mechanism for establishing reducing conditions at Fox bakiein unconformity-related

uranium deposits in general.
3. The dravite and Mg-sudoite alteration associated with deposits is related to

pervasive quartz corrosion occurring before pyrite oxidagod is not directly related to

ore precipitation. We propose that quartz corrosion andréngte and Mg-sudoite
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alteration results from interaction of quartz with Mgh fluids generated during the
bleaching of basement rocks. The presence of dravite amsLiftgite alteration near
apparently favorable locations in the Athabasca Bésihare barren of uraninite ore
bodies supports our contention that this alteratiotsimectly related to uranium ore
precipitation. As such, it is proposed that in additmdravite and sudoite alteration, the
presence of pyrite associated with faulted basement sickdd be a vector for the

exploration of unconformity-related uranium deposits.

6.2 Recommendations for Future Work

Based on the results of this study, the following recemutations for future studies are made:

1. Pre-ore pyrite is key to the reduction of uranium fromrizdgluids. Better constraints on
the age and trace element content of pre-ore pyritelceidate the tectonic and
hydrothermal processes responsible for its formation. Gtatsting why pre-ore pyrite

occurs where it does is key to more efficient vectoring tdsvaraninite.

Investigations of a barren zone with favorable alteratvill be needed to test whether
pre-ore pyrite is present. If the sudoite-dravite alteratvith corroded quartz is because
of cations liberated during the alteration of the baséntieen this alteration is not
exclusively associated with uraninite. The genetic modalgmted in this thesis proposes
that pre-ore pyrite is needed to form uraninite ore. Thidiés that the absence of pre-

ore pyrite should correlate with the absence of ore.

2. This thesis proposes a mechanism responsible for the giesttzction associated with
Mg-sudoite and dravite alteration. It is likely that thigedtion produces the requisite
space required for subsequent massive uraninite ore bBtli@sinclusion investigations
of secondary inclusions in quartz can be used to examirmthgosition of basinal
fluids, and test for their modification through intefans with basement rock during
alteration. Geochemical modeling focusing on the modificatf basinal fluids during

alteration of basement rocks, and the effect of theifired fluid on quartz solubility can
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be used to evaluate the plausibility of the proposed amesim of quartz destruction and
associated alteration mineralogy.

. Though this thesis shows graphite destruction is a minopaoemt of the alteration at
McArthur River and Fox Lake, the reactions respondidneraphite destruction are key
to understanding the post-ore reduced mineral assemblage olgs@dof water by
uraninite necessary for the formation of hydrocarbon hadethane is required for
thermochemical sulfate reduction of sulfate from basinald. Is graphite destruction
and hydrocarbon buttons formation linked to the productici®&nriched marcasite at
McArthur River? Determining the composition and stable @iotproperties of graphite
and HCB's may shed light on these processes. Complimeg@achemical modelling of
hydrothermal alteration of graphite can test the valiglitthe various reaction proposed
for graphite destruction

. The ultimate goal is to show that the genetic model megadn this thesis is explaining
the formation of world-class ore bodies found at unconity-related uranium deposits.

This entails geochemical modeling based on the paragemg®ated in this thesis.

Mass balancing the amount of pyrite oxidation requirgardaluce the uraninite ore
bodies needs to account for the parallel pyrite oxadateactions that occur. A means of
partitioning reactants between the different pyrite oxiateteactions needs to be
established. The geochemical model must explain how mueddeal Py, Fe-sudoite,
and hematite is produced as a result of pre-ore pyritetaxidas uranium reduction is
closely linked to pyrite oxidation, it is essential to detearf the amount of pyrite
formed by thiosulfate disproportionation of pre-ore pyistenough Pyto account for

the ore bodies at unconformity-related uranium deposits.
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APPENDIX A

SUPPLEMENTAL ELECTRONIC FILES

McArthur_River_sulfide_compositions.xIsx

Excel file containing all electron
microprobe analyses of sulfide an
sulfarsenide minerals from
McArthur River

McArthur_River_chlorite_compositions.xIsx

Excel file containing all electron
microprobe analyses of chlorite
minerals from McArthur River

McArthur_River_SS_uraninite_compositions.xIsx

Excel file containing all electron
microprobe analyses of sandston
hosted uraninite from McArthur
River

McArthur_River_basement_uraninite_compositions.)

Excel file containing all electron
microprobe analyses of basemen
hosted uraninite from McArthur
River

McArthur_River_sulfur_isotope_data.xlsx

Excel file containing all MQ-A-
ICP-MS measurements of S
isotopes from sulfide and
sulfarsenide minerals from
McArthur River

Fox_Lake_sulfide_sulfarsenide_compositions.xIsx

Excel file containing all electron
microprobe analyses of sulfide an
sulfarsenide minerals from Fox
Lake

Fox_Lake_chlorite_compositions.xIsx

Excel file containing all electron
microprobe analyses of chlorite
minerals from Fox Lake

Fox_Lake_uraninite_compositions.xIsx

Excel file containing all electron
microprobe analyses of uraninite
from Fox Lake

Fox_Lake_coffinite_compositions.xIsx

Excel file containing all electron
microprobe analyses of coffinite
from Fox Lake
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